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Summary 
Harvesting energy directly from sunlight using photovoltaic cells is a very 
important way to address growing energy demand while minimizing pollution. 
Polymer solar cell is regarded as the next-generation photovoltaic technology due to 
its low fabrication cost, light weight and high mechanical flexibility. Power 
conversion efficiency (PCE) of over 10% has been demonstrated. This technology is 
at verge of commercialization.  
Over the last decade, intensive research has been devoted to the design of novel 
low-bandgap polymers, morphology control, light management for better light 
harvesting and charge transport in the active layer. Besides the active layer, the 
interfaces between the active layer and the two electrodes play key roles in improving 
the photovoltaic performance and device stability. This work aims to develop novel 
interfacial materials and cost-effective methods to modify the interface for highly 
efficient polymer solar cells (PSCs) and understanding the mechanisms for the 
performance enhancement. Four approaches including two new classes of interfacial 
materials and two novel methods have been successfully employed to improve the 
PCE of PSCs based on poly(3-hexylthiophene-2,5-diyl) (P3HT) and C61-butyric acid 
methyl ester (PC61BM). 
The first approach is to modify the surface of indium tin oxide (ITO) by spin 
coating a thin layer of various sodium compounds. ITOs after such a treatment are 
used as cathode of the inverted PSCs. Among these sodium compounds, sodium 
  xii 
hydroxide (NaOH) gives rise to high photovoltaic performance: an open-circuit 
voltage (Voc) of 0.58 V, short-circuit current density (Jsc) of 10.03 mA cm-2, fill factor 
(FF) of 0.67, and PCE of 3.89% under AM 1.5G illumination (100 mW cm-2). The 
efficiency is significantly higher than that (0.35%) of the control device with an 
untreated ITO as the cathode and also higher than that (3.61%) of PSCs with normal 
architecture. The high performance of the inverted PSCs is due to the reduction of the 
work function of ITO by almost 1 eV by NaOH. The reduction in the work function of 
ITO is also observed in other sodium compounds, and it is consistent with the 
association constants of the anions of these sodium compounds with proton. The 
mechanism for the reduction of the work function is attributed to the dipole formation 
and alignment of these sodium compounds on the ITO surface. 
The small ions from the sodium compounds may diffuse under the electric field, 
thus affecting the device stability. To overcome this problem, a novel class of 
interfacial materials called zwitterion is employed in my second approach. The 
zwitterions have both positive and negative charges in the same molecule. They have 
a strong dipole moment due to the presence of the two types of charges and are 
immobile under electric field. Zwitterions with conjugated and saturated structures are 
investigated. A thin layer of zwitterions on ITO can lower its work function by up to 
0.97 eV. The inverted PSCs with zwitterions-modified ITO cathode can exhibit 
photovoltaic efficiency as high as 3.98% under simulated AM1.5G illumination (100 
mW cm−2). The photovoltaic performance and the reduction in the work function of 
ITO strongly depend on the chemical structure of the zwitterions. 
  xiii
The third approach is about co-solvent treatment of 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) buffer layer. 
Less conductive PEDOT:PSS (Clevios PVP Al 4083) is usually used as a buffer layer 
in polymer solar cells. The conductivity of the PEDOT:PSS film can be enhanced 
from 10-3 to 100 S cm-1 through a treatment with a co-solvent of hydrophilic methanol 
and hydrophobic 1,2-dichlorobenzene (DCB). The conductivity enhancement is 
attributed to the preferential solvation of hydrophobic PEDOT and hydrophilic PSS 
chains with the two components of the co-solvent. It induces PSSH reduction of the 
PEDOT:PSS films and morphological change of the polymer chains. Moreover, the 
treatment of the PEDOT:PSS buffer layer with the co-solvent can improve the PCE of 
PSCs from 3.98% to 4.31%. The PCE improvement is attributed to the high 
conductivity and high surface area of the co-solvent-treated PEDOT:PSS buffer layer. 
The final approach describes the use of chlorinated indium tin oxide (Cl-ITO) 
substrates of high work function as the anode. There is no buffer layer between the 
Cl-ITO anode and the active layer in these PSCs. Good photovoltaic performance is 
observed immediately after the device fabrication. But the photovoltaic efficiency 
degrades quickly, from 3.90% to 3.43% and 3.24% just 10 and 20 min after the device 
fabrication. Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron 
spectroscopy (XPS) reveals the work function of Cl-ITO decreases with time. The 
decrease in the work function of Cl-ITO is attributed to Cl desorption from the surface 
of ITO.  
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In the 21st century, energy crisis and environmental problems have emerged to be 
obstacles in the advancement of human civilization. Harvest of sunlight provides a 
promising solution, since solar energy received by the earth in an hour is estimated at 
174 PetaWh, which is more than enough to fulfill the energy consumption by entire 
human race for one year (reported to be 154 PetaWh in 2010)[1-3]. Polymer solar cells 
(PSCs) have been actively explored as a promising renewable energy converter due to 
their potential for energy-efficient, low-effective, large-area and high-volume 
processability over inorganic silicon solar cell. Furthermore, organic materials are 
light and flexible enough for portable and wearable energy conversion devices. 
Besides, one can manipulate electronic properties of the polymers by chemical 
modifications. All these merits render PSCs a promising photovoltaic technology to 
tackle the energy and environmental problems. 
This chapter will begin with an introduction of the history, device physics and 
key parameters of polymer solar cells, followed by emphasis on the importance of 
interface engineering in PSCs. The objective of my PhD research work and thesis 
outline will be presented at the end of this chapter. 
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1.1 A brief overview of polymer solar cells 
1.1.1 Historical background of polymer solar cells 
The history of polymer solar cells, or organic photovoltaics in general, is only 
about half a century, but significant improvements have been achieved in such a short 
period of time. In 1959, Kallman and Pope observed photovoltaic effect on an 
anthracene crystal and obtained a photovoltage of 0.2 V, but a very low efficiency of 
2x10-4 %[4]. Following the discovery, progress was made from early 1970s to early 
1980s to improve the efficiency to 0.36%[5]. A universal approach at that time was to 
sandwich an organic semiconductor in between a low-work function metal and a 
high-work function metal or conducting glass. Since the solar cell only contains one 
type of semiconductor, this kind of solar cells are also known as homojunction solar 
cells (Figure 1.1 (a)). 
The invention of heterojunction solar cell by Tang in 1986 represents a great 
breakthrough[6]. In hetero-junction solar cells (Figure 1.1 (b)), an interface is formed 
between two different organic semiconductors in the active layer, specifically, an 
electron donor material (D, usually a p-type semiconductor) and an electron acceptor 
material (A, usually a n-type semiconductor). By stacking a 50 nm-thick perylene 
tetracarboxylic derivative on top of a 30 nm-thick copper phthalocyanine (CuPc), 
Tang demonstrated a PCE of 0.95% [6]. 
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Figure 1.1 Schematic diagram of (a) homojunction and (b) heterojunction PSCs. 
(Picture adapted from Organic Photovoltaics: Mechanisms, Materials, and Devices 
(2005) Taylor & Francis Chapter 4) 
 
Finding well matched donor and acceptor materials is equally important to the 
invention of heterojunction solar cells. Since most of the organic semiconductors are 
p-type, the selection of n-type electron acceptor material was a great challenge. In 
1992, Sariciftci et al. discovered the ultra-fast photo-induced electron transfer from a 
conjugated polymer, e.g. MEH-PPV, to C60[7]. Because the charge-transfer rate is on a 
pico-second time scale, which is more than two orders of magnitude faster than other 
competing recombination processes, the quantum efficiency for charge transfer is 
close to unity. This shows the potential to use fullerene as electron acceptor material. 
Further improvement was made in 1995 by Wudl[8], who chemically synthesized 
soluble fullerene derivatives, e.g. PCBM, which had become the most popular 
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Before 1995, all the heterojunction organic solar cells adopted a bi-layer 
structure (Figure 1.2 (a)), i.e. the active layer consists of one donor layer and one 
acceptor layer. A new cell configuration named bulk-heterojunction (BHJ) was 
invented by Yu et al. in 1995[9]. In a BHJ solar cell, the photoactive layer was formed 
by a mixture of donor and acceptor materials, as shown in Figure 1.2 (b). Through 
careful control of film morphology, the two semiconductors could evolve into 
inter-penetrated, bi-continuous networks. Since then, BHJ structure had been 
intensively investigated. Different approaches in the aim to optimize the morphology 
of the active layer had led to a remarkable boost in efficiency in the past decade.  
In adopting BHJ concept, a few successful attempts in manipulating the 
morphology of the active polymer layer were made to increase the PCE. In 2001, 
Shaheen et al. demonstrated 2.5% efficiency with a polymer solar cell comprising 
MDMO-PPV and PC61BM[10]. By changing the solvent from toluene to chlorobenzene, 
the active layer made from spin casting had a reduced domain size, a smoother 
surface morphology and a better percolation between donor and acceptor, thus 
 
Figure 1.2 Schematic drawings of (a) the bi-layered structure; (b) the bulk 
heterojunction (BHJ) structure. (Picture adapted from Accounts of Chemical Research 
(2009) 42 1758) 
(a) (b)
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resulted in a nearly threefold increase in efficiency. In 2003, Padinger et al. performed 
post-production thermal annealing to the PSC based on P3HT and PC61BM[11]. The 
annealing temperature higher than the glass transition temperature of P3HT allowed 
re-organization of the P3HT chains and improvement of P3HT crystallinity. This 
approach produced a PCE of around 3.5%. Another way to form an optimized 
morphology and to increase the crystallinity of the donor material was developed by 
Li et al. in 2005[12]. The solvent evaporation rate was slowed down to allow more 
time for P3HT to self assemble into crystals. So the enhanced hole mobility and more 
balanced charge transport led to an extremely high FF of 0.674 and an efficiency of 
4.4%. The fourth method to control the morphology was via addition of processing 
additive. In 2006, Peet et al. found adding small amount of processing additive to the 
host solvent prior to spin coating, the photoresponsivity and hole mobility were 
greatly improved, primarily due to enhanced structural order[13]. Using octanedithiol 
as the processing additive, the efficiency of the BHJ solar cells comprised of 
PCPDTBT and PC71BM was improved from 2.8% to 5.5%[14]. The latest world 
records were 10.0% for organic single junction cell and 10.7% for tandem cell[15,16] 
 
1.1.2 Device physics of bulk-heterojunction PSC 
A fundamental parameter that differentiates a polymer solar cell from a silicon 
solar cell is the dielectric constant of the semi-conducting materials used in these 
technologies. Most of the organic materials have a typical dielectric constant of 2~4; 
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while that of the silicon is 11[17]. As a result, in inorganic silicon solar cells the 
incident photons can generate free electrons and holes upon light absorption; while in 
organic solar cells the photon-excited electrons are strongly bound with the holes by 
Coulomb force. The bound electron-hole pair by Coulomb interaction is called an 
exciton, whose binding energy is more than 0.3 eV in most of the organic 
semiconductors[18]. Because the exciton binding energy is much larger than thermal 
energy (kT is about 0.03 eV at room temperature), the excitons could not be 
dissociated by thermal excitation. A solution to this issue is the introduction of 
heterojunction solar cells (Figure 1.1). By placing another semi-conducting organic 
material (Acceptor, A) next to the original one (Donor, D), the excitons could be 
dissociated with the assistance of a local electric field created by the different LUMO 
levels of the two semiconductors. 
Another issue that limited the photovoltaic performance was the exciton 
diffusion length. Typically, the exciton diffusion length in an organic donor is about 
10 nm[19]. In other words, the grain size of the organic donor is limited to 20 nm, 
beyond that, the exciton will be lost before it reaches the D/A interface and gets 
dissociated. Therefore, the bi-layered solar cell (Figure 1.2 (a)) faces a dilemma: if 
the photoactive layer is too thick, exciton could not reach the D/A interface within its 
life time; if the photoactive layer is too thin, light absorption is not maximized. This 
dilemma was well resolved by Yu et al. who invented the bulk-heterojunction (BHJ) 
solar cells in 1995 (Figure 1.2 (b))[9]. In BHJ solar cells, the phase separation 
between donor and acceptor at nano scale ensures the excitons can reach the D/A 
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interface and dissociate into free charge carriers. In addition, the inter-penetrated 
bi-continuous donor and acceptor networks can transport the free charge carriers to 
respective electrodes. The BHJ structure largely increases the area of D/A interface 
for exciton dissociation and the allowable light penetration depth for light absorption. 
The process of light conversion into electricity by a bulk-heterojunction polymer 
solar cell can be divided into four steps. These steps are outlined in Figure 1.3: (1) 
Light absorption by organic semiconductor(s) and formation of excitons; (2) exciton 
diffusion to the D/A interface and subsequent dissociation into free electron and hole; 
(3) transport of free charge carriers to respective electrodes; (4) charge collection at 
the respective electrode. These four steps will be discussed in detail below. 
Light absorption by a semiconducting film is related to the bandgap of the 
semiconductor, its absorption coefficient and the film thickness. To maximize the light 
 
 
Figure 1.3 Energy diagram of a BHJ solar cell. The four steps from light absorption 
to current generation are: (1) light absorption and exciton formation, (2) exciton 
diffusion to the D/A interface, (3) exciton dissociation and free charge formation, and 
(4) charge transport and collection. (Reproduced from Accounts of Chemical Research 
(2009) 42 1740) 
 
   1. Introduction 
 8 
absorption, the bandgap can be tuned so that the absorption profile of the 
semiconductor is matched better with the solar spectrum, e.g. a conjugated polymer 
with a bandgap of 1.1 eV (λ ~ 1100 nm) is capable of covering 77% of the standard 
Air Mass (AM) 1.5 terrestrial solar spectrum[20]. In another perspective, the absorption 
coefficient of organic semiconductors is usually around 105 cm-1 in visible range, 
which is much higher than that of silicon (103~104 cm-1)[21,22]. So compared with the 
required thickness for silicon solar cell of 1 μm, only 100 ~ 200 nm is needed for 
organic solar cell to absorb most of the incoming photons. This feature helps to save 
the material usage. 
Once upon absorption of a photon by the organic semiconductor, an electron is 
stimulated from HOMO to LUMO. As a result, an exciton is formed. Due to the large 
binding energy of the exciton, free charge carriers can only be generated when 
excitons diffuse to the D/A interface, where the strong local field provided by the 
difference in electron affinity between donor and acceptor can split the excitons into 
free electrons and holes. Because excitons are electrically neutral, the motion of 
excitons is not affected by electric field but is dominated by random diffusion. The 
diffusion length can be described by equation: 
L = (Dт)0.5                                        (1) 
where L is exciton diffusion length; D is the diffusion coefficient and т is the lifetime 
of the exciton[23]. Beyond the diffusion length, the excited electron will decay back to 
the ground state, resulting in the loss of quantum efficiency. At present, it is still 
difficult to prolong the exciton diffusion length. Hence, the active layer thickness (in 
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bi-layered PSC) or the domain size (in BHJ PSC) must be comparable to the limited 
exciton diffusion length. As stated in Section 1.1.1, the charge transfer rate between a 
conjugated polymer and a fullerene is as fast as in pico-second[7]. In other words, 
almost all the exciton reached the D/A interface could be successfully dissociated. 
Therefore, the short exciton diffusion length typically less than 10 nm[19] is the 
bottleneck in the exciton diffusion process. 
The third step involves the transport of charge carriers from the D/A interface to 
the respective electrodes within their lifetime. This process is mainly driven by the 
concentration gradients of the respective charges from the D/A interface to the 
respective electrode. This leads to diffusion current. The transport of charge carriers is 
characterized by charge carrier mobility and its lifetime. It is known that both factors 
can be enhanced in pure organic crystals, because impurities act as recombination 
centers or trapping states.  
In the last step, charge carriers arriving at the electrodes are collected. Energy 
level matching at the interface between the active layer and the electrode is very 
important. Disfavored energy alignment introduces Schottky barriers at the interface. 
Charge carriers have to accumulate in the region near the electrode, and many of them 
can not reach the electrode within their lifetime. So they decay back to the ground 
states, leading to the loss of photocurrent. The most common cathode and anode are 
calcium and ITO, which has a work function of 2.9 eV[24] and 4.5 eV[25] respectively. 
If the semiconductor materials do not possess suitable HOMO or LUMO levels, 
surface modification or interfacial engineering is often carried out to help the 
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formation of ohmic contact at the interface. The details of surface modification and 
interfacial engineering will be discussed in the next chapter. 
 
1.1.3 Important parameters in PSC characterization 
The most meaningful and direct characterization of a solar cell is to measure the 
current density (J) – voltage (V) curve under both dark and illumination conditions. 
The J-V curve is obtained by sweeping the voltage in the suitable range of a solar cell 
and simultaneously recording the current density output. Figure 1.4 shows a J-V 
characteristic of a solar cell. The black curve represents the J-V behavior of a solar 
cell in dark; while the red curve is the J-V curve recorded under illumination. There 
are a few well-defined parameters obtained from these curves. “Short-circuit current 
density” or “Jsc” is the current density obtained when the applied voltage is zero.  
 
 
Figure 1.4 Typical plot of J-V curve of an organic solar cell (Diagram adapted from 
http://blog.disorderedmatter.eu/2008/03/05/intermediate-current-voltage-characeristic
s-of-organic-solar-cells/) 
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It is worth mentioning that “short-circuit current density” instead of “short-circuit 
current” is frequently used. The Jsc is obtained when the short-circuit current is 
normalized by the photoactive area. Similarly, “open-circuit voltage” or “Voc” is the 
voltage obtained when the current flow in the external circuit is zero. The third 
parameter is named “fill factor” or “FF”. It is defined as the ratio of maximum power 
(yellow rectangle in the figure) to the product of Voc and Jsc. It describes the 
“squareness” of the J-V curve. Finally, the photovoltaic power conversion efficiency 
of a solar cell is given as: 
η = Voc*Jsc*FF/Pin                                    (2) 
where η is power conversion efficiency and Pin is the incident light power density. In 
most cases, a solar cell is tested with a solar simulator. So Pin is standardized at 1000 
W m-2 or 100 mW cm-2 that matches the solar spectral irradiance on the earth’s 
surface at an angle of 48.2o to the zenith. This is also called Air Mass (AM) 1.5 
spectrum.  
Since Voc, Jsc and FF are the three determinant parameters for solar cell efficiency, 
it is essential to understand the physics behind each parameter in the context of 
polymer solar cells. According to metal-insulator-metal (MIM) model, the Voc of any 
device with a MIM structure, i.e. an insulating layer is sandwiched in between two 
metal electrodes is given by the work function difference of the two metal 
electrodes[26]. Later, Brabec et al. proved the MIM model was only valid in the 
condition that the contact between the active layer and the electrode is non-ohmic. 
When ohmic contact was formed, the maximum value of Voc is determined by the 
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potential difference between the HOMO of the donor and the LUMO of the 
acceptor[27]. However, the obtained Voc is often lowered due to imperfect energy level 
alignment and inferior quality of the interface. 
Assuming there is no charge accumulation and loss at the two electrodes, the Jsc 
is described by: 
Jsc = neμE                           (3) 
where n is the density of charge carriers; e is the elementary charge; μ is the mobility 
of the charge carrier; and E is the electric field. The density, n, is the end product of 
light absorption, exciton generation, exciton diffusion and exciton dissociation (Step 
(1) and (2) in Figure 1.3). So for a given system, the thickness and nano-morphology 
of the active layer are crucial to the density of charge carriers. The Jsc is also 
profoundly affected by the mobility, μ. As one has seen in the short history of PSC, 
change in solvent type, solvent evaporation rate or annealing conditions can increase 
the crystallinity of the organic semiconductor, thus improving the charge carrier 
mobility and Jsc. Because new low-bandgap organic materials with improved light 
absorption profile and self-assembly ability are synthesized everyday; new film 
deposition techniques are being developed for enhanced charge carrier mobility; new 
light harvesting mechanism and techniques are being proposed and implemented, a 
higher Jsc is expected for future PSCs. 
From the J-V curve, it can be understood the fill factor is determined by inverse 
of the slope at the Voc and Jsc, which reflect the magnitude of series resistance (Rs) and 
shunt resistance (Rsh) respectively. The series resistance of the PSC is related to the 
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bulk resistance of the active layer and contact resistance at active layer/electrode 
interfaces. The bulk resistance is further associated to the product of mobility of the 
charge carrier (μ) and its lifetime (т), because under the built-in electric field E, the 
drift distance of the charge carrier is defined as: d =μтE. When the built-in field is 
lowered as applied bias is approaching Voc, large product of μ and т induces great 
change in d, implying that the number of free charge carriers could reach the electrode 
will be reduced sharply. This makes the slope of J-V curve at Voc very steep. The 
contact resistance is often caused by energy level misalignment. An ohmic contact at 
active layer/electrode interface reduces contact resistance. On the other hand, low 
shunt resistance can cause power loss by providing an alternative current path for the 
photocurrent. Such a diversion reduces the amount of photocurrent flowing through 
the solar cells. Low shunt resistance is often caused by manufacturing defects, such as 
“shorts” between electrodes[28]. Therefore, reducing series resistance and leakage 
current is the key to improve FF.  
Besides the three parameters obtained from J-V curve, another frequently used 
parameter pertaining to the performance of PSC is the external quantum efficiency 
(EQE), also known as incident photon to current efficiency (IPCE). It is defined as the 
ratio between the number of electrons collected at electrodes and the number of 
incident photons under short circuit conditions[21]. IPCE can be obtained using the 
following formula: 
IPCE = 1240*Jsc/(λ*Pin)                      (4) 
where λ (nm) is the incident photon wavelength, Jsc (mA/cm2) is the photocurrent 
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Figure 1.5 Typical IPCE spectra of OPVs having P3HT:PCBM active layer with and 
without TiOx optical spacer[36]. 
 
density in short circuit condition, and Pin (mW/cm2) is the incident power. Figure 1.5 
shows a typical IPCE spectrum of P3HT:PCBM based PSCs. The shape of the 
spectrum resembles the absorption spectrum of the materials constituting the OPV. In 
fact, this parameter takes into accounts of all four steps in photocurrent generation, i.e. 
(a) light absorption and exciton formation, (b) exciton diffusion and dissociation, (c) 
transport of free charge carriers, and (d) charge collection at electrodes. Since light 
absorption by OPV over the full solar spectrum is impossible, another parameter 
named internal quantum efficiency (IQE) is conceived to quantify the quantum 
efficiency of the latter three steps, i.e. step (b), (c) and (d). The maximum IQE is 
100% if no loss mechanism exists in each of these steps. In 2009, Park et al. reported 
a BHJ OPV comprising PCDTBT and PC71BM as active layer and TiOx as optical 
spacer[29]. Such a cell exhibits an IQE approaching 100%, implying that every photon 
absorbed by the organic solar cell leads to a separated pair of charge carriers and 
every photogenerated mobile carrier is collected at the electrodes. 
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1.2 Background of interface engineering in PSC 
1.2.1 Roles of interfacial layer 
Interface forms spontaneously when two or more dissimilar materials or phases 
are put together. Interface formation is inevitable in 2-D film-based devices, including 
organic light-emitting diodes, field effect transistors and PSCs. Compared to bulk 
material, interface is only a very small region in space. However, many physical 
properties at the interface can be very different from those in the bulk, e.g. charge 
transport is abruptly altered as charges travel through the interface; and light may be 
reflected when it encounters an interface. Thus control of the interfacial properties can 
have a notable impact on device performance, as will be exemplified below. 
First of all, by modifying electrode surface, the energy barrier for charge 
extraction can be reduced. A well-known example would be the enhancement of 
photovoltaic performance after insertion of a sub-nanometer-thick lithium fluoride 
(LiF) layer between the active layer and the metal cathode[30]. The thin layer of LiF 
does not even form a continuous film, but the Jsc and FF are significantly improved. 
The proposed mechanism for the enhancement is the formation of LiF dipole moment 
across the interface that causes vacuum level offset and changes work function of the 
metal cathode. Thus the barrier height for electron extraction at the cathode is 
reduced. 
Secondly, interfacial materials are deliberately placed next to the electrode for 
charge screening/selection. For example, if an exciton is generated near the electrode, 
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it is vulnerable to be quenched by metal electrode. Under this circumstance, an 
interfacial material whose bandgap is larger than the exciton energy can block the 
exciton from reaching the electrode. Such a buffer layer is known as an exciton 
blocking layer (EBL)[31]. In similar fashion, the interface material having a deep lying 
HOMO can block holes; and that having a low lying LUMO can block electrons. For 
example, Irwin et al. used a p-type semiconducting nickel oxide layer to block the 
electrons away from ITO anode, and obtained 5.2% efficiency on a P3HT:PCBM 
solar cell[32]. 
Thirdly, a few materials can modify the surface work function in very large 
extent, so they can be used to switch the polarity of the device. In other words, the 
device polarity becomes independent of the electrode material. However, dependent 
on the interfacial material. The most common transparent electrode in PSC 
application is ITO, which has a work function of 4.5~4.7 eV [25]. This work function is 
often inside the bandgap of most organic semiconductors, resulted in formation of 
schottky barrier at the active layer/electrode interface. The ITO surface is often 
modified by a layer of PEDOT:PSS to increase its work function to 5.2 eV, which is 
very close to the HOMO of organic semiconductor, so ITO can form ohmic contact 
with the organic semiconductor to collect holes. In a similar way, a number of 
inorganic compounds, like TiOx[33], ZnO[34], and Cs2CO3[35] can decrease the work 
function of ITO. Consequently, ITO becomes the cathode and collects electrons. The 
easy switch of polarity of the device offers a versatile tool to design and construct 
new cell structures. 
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Fourthly, some interfacial materials can serve as optical spacers to redistribute 
the light intensity profile within the polymer solar cell. Conventional PSC usually 
employs a reflective metal cathode to double the light traveling path in the active layer. 
Subsequently, the interference between the incident light and the reflected light leads 
to the formation of a standing wave, whose intensity diminishes to zero near the 
active layer/metal electrode interface.  In other words, the light absorption near the 
metal electrode is close to zero due to such a light interference. As illustrated in 
Figure 1.6, by adding an optically transparent layer on top of the reflective metal 
electrode, the light intensity minimum was shifted to the interface between the optical 
spacer and the reflective electrode, leading to more light absorbed by the active layer. 
Kim et al. demonstrated 50% enhancement in PCE upon insertion of TiOx optical 
spacer in thin film organic solar cells[36]. 
 
Figure 1.6 Schematics shows the light intensity distribution in a polymer solar cell 
without and with an optical spacer[36]. 
 
Fifthly, insertion of interfacial materials can suppress diffusion of detrimental 
chemical compounds and chemical reaction, thus protect the active layer from damage 
or degradation. In the standard OPV fabrication process, metal electrode is usually 
formed by thermal evaporation. The “hot” metal vapors are likely to react with the 
   1. Introduction 
 18
polymer and thus alter their properties. Furthermore, they can even penetrate into the 
active layer, leading to substantial leakage current, reduced shunt resistance[37] or even 
short-circuit[38]. This unfavorable phenomenon can be avoided by applying inert 
interfacial materials like LiF, Cs2CO3 or MoO3 that serves as a protective layer. 
Another degradation mechanism involves the diffusion of moisture and oxygen, and 
subsequent photo-oxidation of the semiconducting polymers[39,40]. In convention, this 
degradation route is suppressed by improved packaging materials and techniques[41-43]. 
On top of that, some interfacial layer can also minimize the intrusion of water and 
oxygen. Lee et al. demonstrated “air-stable” organic solar cells by using TiOx 
interlayer[44]. 
At last, since the organic solar cell is built up from one electrode, usually from 
ITO substrate, surface modification or interface engineering of the ITO could 
substantially affect the morphology of the active layer that is deposited at later stages. 
Improved performance of OPV was reported after ITO surface modification by 
polymer coating[45] and self-assembled monolayers (SAMs)[46,47]. The morphology 
change of the active layer after the ITO surface modification is associated with the 
change in surface energy and roughness of the ITO. 
 
1.2.2 Integer charge transfer model 
In order to select suitable interfacial materials for the interface engineering, 
understanding the energy level alignment at the interface of interest is very important. 
   1. Introduction 
 19
Integer charge transfer (ICT) model was developed to describe the interfacial 
interaction between two weakly bounded materials, typically conjugated organic 
materials and chemically passive inorganic materials, where charge transfer takes 
place at the interface. The ICT model finds great success in predicting the energy 
level alignment at the interfaces relevant to PSCs[48,49].  
ICT model applies to the interfaces where charge transfer occurs via tunneling. 
Tunneling implies that charges pass through an energy barrier one at a time. This is 
how the name of “integer” comes from. ICT model introduces two terminologies: the 
energy of a positive integer charge transfer state (EICT+) is defined as the energy 
required to take away one electron from the organic molecule or polymer, resulting in 
a fully relaxed state; and the energy of a negative integer charge transfer state (EICT-) 
is defined as the energy gained by adding one electron to the organic molecule or 
polymer to produce a fully relaxed state[49]. Removing or adding electron from a 
conjugated polymer induces relaxation of the backbone, resulted in formation of 
polaronic (single charge) or bipolaronic (double charge) states, which are located 
inside the bandgap near HOMO and LUMO levels. The positive and negative integer 
charge transfer states defined in ICT model resembles polaronic or bipolaronic states 
of the conjugated polymers. 
According to ICT model, the energy level alignment at the interfaces can be 
predicted based on the values of EICT+ or EICT- of the organic semiconductor and the 
work function of the substrate (Φsub). Figure 1.7 illustrates three different scenarios of 
interface formation between an organic semiconductor and a chemically passive 
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Figure 1.7 Schematic illustration of the evolution of the energy level alignment when 
an organic semiconductor is physisorbed on a substrate surface when (a) Φsub > EICT+: 
Fermi level pinning to a positive integer charge transfer state, (b) EICT-< Φsub < EICT+: 
vacuum level alignment, and (c) Φsub < EICT-: Fermi-level pinning to a negative 
integer charge transfer state. The charge transfer induced shift in vacuum level (∆) is 
shown where applicable[49]. 
 
inorganic conductor. In the first scenario, the conducting substrate has a work function 
greater than the energy of a positive charge transfer state, Φsub > EICT+, electrons will 
spontaneously flow from the organic semiconductor to the conducting substrate, and 
Fermi level will pin to the positive ICT state. In the second scenario, if the work 
function of the substrate is in between EICT+ and EICT-, no charge transfer can occur 
because there is no energy-favorable state that is empty in the organic semiconductor 
to accommodate the electrons from the substrate. Vacuum levels are aligned in this 
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case. In the third scenario when Φsub < EICT-, electrons will flow from the substrate to 
the empty negative ICT state, resulted in Fermi level alignment with the negative ICT 
state. 
The ICT model is validated by experimental observations. By recording the work 
function of the organic semiconductor deposited on substrates of different work 
functions using ultraviolet photoelectron spectroscopy (UPS), one can get a diagram 
similar to Figure 1.8. The “Mark of Zorro” dependence demonstrates the abrupt 
change caused by Fermi level pinning to the positive or negative ICT states. In other 
words, ICT states can be accessible by measuring the work function of a particular 
organic semiconductor on substrates of various work functions. Using such a method, 
the EICT- of PCBM is determined to be 4.3 eV[50]. It implies that any electrode with 
work function equal or lower than 4.3 eV can form ohmic contact with PCBM. This is 
an important criterion for selection of interfacial material in terms of energetics. 
 
Figure 1.8 General Φorg/sub vs Φsub dependence predicted by ICT model[49]. 
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1.2.3 Study the interface by photoelectron spectroscopy 
One of useful tools to probe the energy levels and the bonding information at a 
surface or interface is photoemission spectroscopy. UPS and X-ray photoelectron 
spectroscopy (XPS) are two frequently used photoemission spectroscopy techniques. 
They utilize the phenomenon of photoelectric effect. By exposing the sample to high 
energy photons, the electrons beneath the Fermi level can overcome the binding 
energy and work function to escape from a solid, and the remaining kinetic energy of 
the photoelectrons will be recorded by the instrument. The total energy is conserved 
in such a process, as illustrated by the following equation: 
hv = Eb + Φ + Ek                        (5) 
where hv is the energy of the incident photon, Eb is the binding energy of the 
photoelectron, Φ is the work function, which is the energy required to remove the 
electrons from the Fermi level to vacuum level, Ek is the kinetic energy after the 
photoelectrons have escaped out of the solid. 
XPS with high energy X-rays detects the band structures at the core levels. 
Therefore, one can derive the bonding information from the binding energy of the 
core electrons measured by XPS. Unlike XPS, UPS uses ultraviolet light, typically 
produced by a helium discharge lamp which provides either He I (21.2 eV) or He II 
(40.8 eV) radiation. UPS can only excite the electrons in the valence band and provide 
valence band information. UPS replicates the density of states of the valence band. It 
can also measure the work function of a material.  
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Figure 1.9 Schematic diagram of UPS working principle and derivation of work 
function from this technique. 
 
Figure 1.9 shows how to derive the work function from UPS technique. Upon 
UV light radiation, the electrons in the valence band of the sample will be excited. 
They can escape from the solid by overcoming binding energy and work function. 
The electrons at the bottom of the valence band have to overcome the greatest binding 
energy, so they will have the smallest kinetic energy after successful escape. In 
contrast, the electrons at the Fermi level need to overcome the work function only 
because the binding energy is zero at the Fermi level. Therefore, the photoelectrons 
coming from the Fermi level are expected to have the largest kinetic energy. UPS 
simply scans through the kinetic energy profile of escaped photoelectrons. It plots the 
kinetic energy in the x-axis and the number of collected electrons or electron count at 
each kinetic energy in the y-axis. In principle, this should duplicate the valence band 
profile of the sample solid.  
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The work function of the sample is obtained by using the following equation: 
Φ = hv – (Fermi edge – Inelastic cutoff) = hv - |Eb|         (10) 
This correlation can be visualized in two ways from Figure 1.9:  
(1) The electrons at the Fermi level are excited 
Because the electrons do not need to overcome the binding energy, the work 
function can be derived by deducting the blue region from the photon energy, i.e. Φ = 
hv – (Fermi edge – Inelastic cutoff). 
(2) The electrons at the valence band edge are excited 
These electrons need to overcome the maximum binding energy in order to 
escape from the solid. When they reach the vacuum level, their kinetic energy is zero. 
So the work function is derived by deducting the green region from the photon energy, 
i.e. Φ = hv - |Eb| 
Combining these two scenarios, one can conclude that the subtraction of Fermi 
edge and inelastic cutoff in the kinetic energy scheme equates the binding energy of 
the electron at the bottom of the valence band that can be excited. 
 
1.3 Objectives and outline of the thesis 
The objective of this study is to develop novel and effective methods improve 
the device performance and stability of polymer solar cells via interface engineering. 
The mechanisms of the performance enhancement will be explored. 
The thesis is organized into seven chapters. Chapter 1 provides the general 
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background of polymer solar cell and the importance of interface engineering in PSC 
application. All information regarding the source of materials, fabrication procedures 
and characterization techniques is summarized in Chapter 2. Starting from Chapter 3 
to Chapter 6, four distinctive approaches to modify the interfaces are presented. 
Chapter 7 is the last chapter of the thesis. It includes a short summary and proposed 
future work. 
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 Patterned ITO glass sheets with a sheet resistance of 15 Ω/ were obtained 
from Nikko Materials. Regioregular P3HT (Model No. 4002-EE) was acquired from 
Rieke Metals. PC61BM and PC71BM were purchased from Nano-C and American Dye 
Source respectively. PEDOT:PSS aqueous solution (Clevios P VP Al 4083, Order No. 
4251708, Lot No. 2010P0001) was purchased from H. C. Starck. The concentration of 
PEDOT:PSS was 1.3-1.7% by weight, and the weight ratio of PSS to PEDOT was 6. 
All the sodium compounds used to treat ITO, including sodium hydroxide 
(NaOH, reagent grade, ≥ 98 %, pellets, anhydrous), sodium tetraborate (Na2B4O7, 
99%), sodium phosphate (Na3PO4, 96%), sodium acetate (NaOAc, anhydrous), 
sodium tosylate (TsONa, 95%), sodium sulfate (Na2SO4, reagent grade, ≥ 99 %, 
granular, anhydrous), sodium perchlorate (NaClO4, reagent grade, ≥ 98 %) and 
sodium nitrate (NaNO3, ≥ 99 %), were all purchased from Sigma-Aldrich. 
All the zwitterions were purchased from Sigma-Aldrich. Chemical structures of 
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Figure 2.1 Chemical structures of zwitterions used in this study. 
 
the zwitterions, including N,N-dimethyl-N-[3-(sulfooxy)propyl]-1-nonanaminium 
hydroxide (DNSPN), N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate 
(DDMAP), 1-(N,N-dimethylcarbamoyl)-4-(2- sulfoethyl)pyridinium hydroxide 
(DMCSP), 4-(triphenylphosphonio)butane-1-sulfonate (TPPBS),  3- 
(triphenylphosphonio)propane-1-sulfonate (TPPPS), 10-(3-sulfopropyl)acridinium 
betaine (SPAB), and rhodamine 101, are presented in Figure 2.1. 
Other materials and solvents such as lithium fluoride (LiF, ≥ 99.99 %), aluminum 
wire (Al, diameter 1mm, 99.999%), methanol (MeOH, anhydrous, 99.8%), acetone 
(HPLC, ≥ 99.8 %), iso-propanol (IPA, HPLC, 99.9%) and 1,2-dichlorobenzene (DCB, 
anhydrous, 99%) were purchased from Sigma-Aldrich. Calcium (Ca, granular) was 
obtained from Merck. All materials and solvents were used without further 
purification. 
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2.2 Experimental procedures 
2.2.1 Fabrication of polymer solar cells 
There are two types of cell architectures for polymer solar cells, namely normal 
architecture and inverted architecture. PSCs with normal device architecture of 
ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al as shown in Figure 2.2 were fabricated by the 
following process. ITO substrates were cleaned sequentially with Decon 90 detergent, 
de-ionized water, acetone and IPA. They were dried in nitrogen flow and then treated 
with UV-ozone (Jelight 42-220 UVO cleaner) for 15 min. A PEDOT:PSS layer was 
coated on ITO substrates by spin coating its aqueous solution at 5000 rpm followed 
by annealing in air at 140 oC for 10 min. Then, they were transferred into a glove box 
filled with dried nitrogen. The active layer was formed on ITO/PEDOT:PSS by spin 
coating a DCB solution consisting of 20 mg/ml P3HT and 20 mg/ml PCBM at 500 
rpm for 60 s. The P3HT:PCBM films were slowly dried in closed Petri dishes at room 
temperature. They had a thickness of about 220 nm. The devices were completed by 
thermally depositing a 40 nm-thick Ca layer and successively a 160 nm-thick Al layer 
in a vacuum of 1 × 10-6 mbar. Each device had an area of 0.11 cm2. The PSCs were 
encapsulated with UV-curable epoxy glue (Epotek OG112-6, Epoxy Technology Inc.) 
and glass sheets in the glove box. They were taken out for the electrical testing in air. 
The inverted PSCs as illustrated in Figure 2.2(b) were fabricated through the 
following process. ITO-coated glass sheets were cleaned sequentially with Decon 90, 
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Figure 2.2 Schematic device architecture of (a) a normal PSC and (b) an inverted 
PSC. 
 
deionized water, acetone and isopropyl alcohol. Each cleaning step was carried out in 
a Branson 1510 ultrasonic water bath for 20 min. The cleaned ITO sheets were dried 
with nitrogen flow and successively treated by UV-ozone (Jelight 42-220 UVO 
cleaner) for 15 min. Then, a thin layer of surface modifier was formed on an ITO 
sheet by spin coating its methanol solution at 3000 rpm for 1 min. The treated-ITO 
sheet was annealed at 120 oC for 10 min in air, and then transferred into a glove box 
filled with highly pure nitrogen for the preparation of the active layer. The active layer 
was deposited by spin coating a dichlorobenzene solution of 20 mg mL-1 P3HT and 
20 mg mL-1 PC61BM at 500 rpm for 60 s and subsequently drying at room 
temperature for 20 min. The active layer was then annealed at 120 oC for 10 min. 
Finally, a 7 nm-thick MoO3 layer and a 100 nm-thick Al layer were successively 
deposited in a chamber of a thermal evaporator at 1 × 10-6 mbar. The evaporation rates 
were 0.1 Å s-1 for MoO3 and 2 Å s-1 for Al, respectively. The PSCs were encapsulated 
with UV-curable epoxy glue (Epotek OG112-6 by Epoxy Technology Inc.) and glass 
sheets in the glove box. They were taken out of the glove box for the photovoltaic 
tests. 
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2.2.2 Surface modification of indium tin oxide 
In order to lower the work function of indium tin oxide, its surface was modified 
by a thin layer of either sodium compounds or zwitterions. The typical surface 
modification was carried out by spin coating either a methanol or an aqueous solution 
of a sodium compound like NaOH or zwitterions like rhodamine 101 on ITO at 3000 
rpm for 1 min and then heating the treated-ITO sheets at 120 oC on a hot plate for 10 
min in air. 
 
2.2.3 Treatment of PEDOT:PSS buffer layer 
PEDOT:PSS films were coated on pre-cleaned glass substrates (1.5 x 1.5 cm) by 
spin coating the PEDOT:PSS aqueous solution at 3000 rpm for 60 s. They were 
subsequently annealed at 120 oC for 50 min. The treatment was performed by 
dropping 100 ul of a co-solvent onto each PEDOT:PSS film at 140 oC. The 
PEDOT:PSS films were dried in 5 min. Finally, they were rinsed with IPA and dried at 
140 oC for 2 min again. 
 
2.2.4 Chlorination of ITO 
The chlorination was performed through a process similar to the one reported by 
Helander et al[51]. ITO substrates together with 100 ul 1,2-dichlorobenzene were put 
in a closed Petri dish (15 cm in diameter). They were exposed to UV light generated 
by a Jelight 42-220 UVO cleaner for 10 min. These ITO substrates were subsequently 
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treated with UV-ozone for additional 3 min to eliminate residual chlorocarbon 
segments on the ITO surface. 
 
2.3 Characterization techniques 
2.3.1 J-V curve measurement 
The photovoltaic performance of PSCs was measured with a 
computer-programmed Keithley 2420 source/meter. The devices were illuminated 
with a Newport’s Oriel class A solar simulator, which simulated the AM 1.5G 
sunlight (100 mW cm-2) and was certified to the JIS C 8912 standard. The light 
source was also calibrated with a standard silicon photodiode (Hammamatsu 
S1133). In the project of co-solvent treatment of PEDOT:PSS buffer layer, a mask 
with an area of 0.11 cm2 was put on each device during the photovoltaic testing to 
avoid edge effect. 
 
2.3.2 Incident photon to current efficiency (IPCE) 
IPCE of PSCs was measured with a 300 W Xenon Lamp (Oriel 6258) as the light 
source and a Cornerstone 260 Oriel 74125 monochromator with a resolution of 10 nm. 
The light intensity was calibrated with a NREL-recommended Si detector (Oriel 
71030NS), and the short-circuit currents were determined with an Oriel 70310 optical 
power meter. 
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2.3.3 Morphology characterization 
Film morphologies were characterized by transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM) and 
Kelvin probe force microscopy (KPFM). In the project of surface modification of ITO 
by sodium compounds, the cross section of the inverted PSC was exposed by focused 
ion beam (FIB) for TEM characterization. 
High resolution TEM images were captured by a FEI Titan G2 80-200 S/TEM. 
The cross-sectional TEM sample was prepared by cutting an optimal inverted PSC 
using a FEI Helios NanoLab 600 FIB microscope. Thin layers of Pt and Au were 
successively deposited on the sample to enhance charge and heat transfer during FIB 
sample preparation. 
The AFM and SEM images were collected with a Veeco NanoScope IV 
Multi-Mode AFM in tapping mode and a Hitachi S-4100 scanning electron 
microscope, respectively. Surface potential images were collected with a MFP-3D 
atomic force microscope by Asylum Research in the KPFM tapping mode. A 
Pt-coated cantilever tip (tip radius 15 nm) with a spring constant of 2 N m-1 and a 
resonant frequency of ~70 kHz (Electric-Lever, Olympus, Japan) were used for the 
measurement. All of the KPFM measurements are performed at 3 V ac voltage and a 
lift height of 40 nm under ambient conditions. 
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2.3.4 Optical spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) can provide information about 
the chemical bonding or molecular structure of materials. FT-IR spectra were 
collected using a Varian 3100 FT-IR spectrometer to study the transformation of 
sodium hydroxide. 
UV-vis-NIR spectroscopy is a direct technique to measure the transmittance and 
absorption of light when it passes through the material. It delivers useful knowledge 
about optical bandgap of a semiconductor, the molecular packing of a conjugated 
polymer, the absorption coefficient of a light-absorber, etc. The UV-vis-NIR 
absorption spectra presented in this study were taken with a Varian Cary 5000 
UV-vis-NIR spectrometer. 
 
2.3.5 Photoemission spectroscopy 
As described in Session 1.2.3, XPS and UPS are essential tools to study the 
interface. They can detect work function, valence band edge, binding energy, bonding 
information, valence state, etc. Ultraviolet photoelectron spectra and X-ray 
photoelectron spectra were acquired with a Kratos Axis Ultra X-ray photoelectron 
spectroscopy (Kratos Analytical) equipped with a monochromatized Al Kα X-ray 
source. The pressure of the chamber was 10-9 torr. The data were analyzed by Casa 
XPS version 2.3.14 programme. 
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2.3.6 Film conductivity measurement 
The conductivities of the PEDOT:PSS films were measured by the van der Pauw 
method with a Keithley 2400 source/meter. The electrical contacts were made by 
pressing indium on the four corners of each PEDOT:PSS film on glass substrate. The 
thickness of the films was measured using an Alpha-Step IQ surface profiler. The 





21 += πρ                         (11) 
where ρ is sheet resistivity, t is film thickness, R1 and R2 are measured resistances 
along each edge of the film, F is the correction factor. If R1 and R2 are comparable, F 
equals to 1. If R1 is much larger than R2, the ratio of R1 and R2, Rr, is related to F via 










−                  (12) 
And a plot of such a relation is shown in Figure 2.3. 
 
Figure 2.3 A plot of Equation (12) in semi-log scale. (Diagram adapted from 
D.K.Schroder, Semiconductor Material And Device Characterization, 2nd Ed.; John 
Wiley & Sons, Inc., NY, 1998) 
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ITO modified with sodium compounds 
as cathode of inverted PSCs 
 
3.1 Introduction 
Polymer solar cells have received much interest due to the low fabrication 
cost, light weight, high mechanical flexibility and easy tuning of the electronic 
structure of the active materials. They are regarded as the next-generation solar 
cells. Significant progress has been made on improving the photovoltaic efficiency, 
including synthesizing new donor and acceptor materials[52-61], controlling the 
morphology of the active layer[10-13], and developing novel interfacial 
materials[62-64]. Besides the photovoltaic efficiency, the stability is also a key issue 
for the practical application of PSCs. The stability is affected not only by the 
donor and acceptor materials in the active layer, but also by the two electrodes. 
The acidic PEDOT:PSS, which is coated on ITO to help the hole collection, and 
the active metals like Ca, which are used as the cathode for the electron collection, 
are detrimental to the photovoltaic stability. The stability can be greatly improved 
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by constructing PSCs in inverted architecture, which has ITO as the cathode for 
the electron collection and a stable material like MoO3 as the anode for the hole 
collection. The challenge in building inverted PSCs lies in developing novel 
approaches to effectively lower the work function of ITO for the electron 
collection. Two strategies have been adopted to reduce the effective work function 
of ITO. One is to coat ITO with a layer of material with a low work function or 
conduction band, such as TiOx[33,65,66], ZnO[67,68], or Cs2CO3[69] on ITO. Another is 
to lower the work function of ITO through surface modification, such as organic 
self-assembled monolayer[70-74] and alumina[75]. The lowering of the work function 
of ITO by surface modification is generally attributed to the formation of dipoles 
on the ITO surface. For example, Nüesch et al. reported that the work function of 
ITO is quite sensitive to acid and base[76]. An acid can increase while a base can 
decrease the work function of ITO. Although ITOs treated with acids have been 
exploited as the anode in organic lighit-emitting diodes (OLEDs) and PSCs[77,78], 
there is no report on inverted PSCs with base-treated ITO as the cathode. 
Aiming to explore the feasibility of building inverted PSCs with base-treated 
ITO as the cathode, and further understand the interaction between these interlayer 
and the ITO substrate and its effect on PSC performances, this chapter reports the 
modification of ITO with a thin layer of various sodium compounds, including 
NaOH, Na2B4O7, Na3PO4, NaOAc, TsONa, Na2SO4, NaClO4 and NaNO3. These 
compounds can lower the work function of ITO, and the work function lowering is 
consistent with the association constants of the anions with proton. Reduction in 
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the work function of ITO by almost 1 eV was observed. Modified ITOs with a low 
work function can be used as the cathode of inverted PSCs. High photovoltaic 
performance was observed on the inverted PSCs. 
 
Figure 3.1 (a) Architecture of inverted PSCs with a NaOH-treated ITO cathode and (b) 
schematic energy diagram of the materials. 
 
3.2 Results and discussion 
3.2.1 Inverted PSCs with NaOH-treated ITO 
Figure 3.1(a) illustrates the architecture of an inverted PSC with 
NaOH-modified ITO. NaOH was deposited on ITO surface by spin coating its 
methanol solution and subsequently heated at 120 oC in air. Low-boiling point solvent 
and high spin rate were employed to obtain a uniform layer of NaOH on ITO. 
NaOH-treated ITO was used for the electron collection, and MoO3 was for the hole 
collection. The energy diagram of the inverted PSC is shown in Figure 3.1(b). The 
work function of NaOH-treated ITO was determined by UPS, which will be discussed 
in Session 3.2.3. Figure 3.2 presents the current density (J)-voltage (V) curves of an 
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inverted PSC with ITOs modified with NaOH. The J-V curves of an inverted PSC 
with a blank ITO as the cathode and a PSC with normal architecture 
glass/ITO/PEDOT: PSS/P3HT:PCBM/LiF/Al are shown as well for comparison. The 
photovoltaic performances, including short-circuit current density (Jsc), open-circuit 
voltage (Voc), fill factor (FF) and power conversion efficiency (PCE), are summarized 
in Table 3.1. The inverted PSC with NaOH-modified ITO exhibited remarkably 
higher photovoltaic performance than the control inverted PSC with blank ITO. All 
the Voc, Jsc and FF values are higher for the former. In particular, the Voc value is 





















Figure 3.2 J-V curves of (a) an inverted PSC glass/ITO/P3HT:PCBM/MoO3/Al, (b) a 
normal PSC glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al, and (c) an inverted PSC 
glass/ITO/NaOH/P3HT:PCBM/MoO3/Al. The NaOH layer in device (c) was prepared 
by spin coating a methanol solution of 0.5 wt% NaOH and subsequently annealing at 
120 oC for 10 min in air.  
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Table 3.1 Photovoltaic performances of (a) an inverted PSC glass/ITO/P3HT: 
PCBM/MoO3/Al, (b) a normal PSC glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al, and 
(c) an inverted PSC glass/ITO/NaOH/P3HT:PCBM/MoO3/Al.  
Devices Voc (V) Jsc (mA cm-2) FF PCE (%) Rs (Ω cm-2) Rsh (Ω cm-2)
(a) 0.16 7.11 0.31 0.35 7.3 39 
(b) 0.58 9.62 0.64 3.61 4.4 1990 
(c) 0.58 10.03 0.67 3.89 2.5 1419 
 
0.58 V for the fomer, while it is only 0.16 V for the latter. The different Voc values 
suggest that the NaOH modification effectively changes the work function of ITO. 
The inverted PSC with NaOH-modified ITO has the same Voc value as the 
normal PSC, while it has even higher Jsc and FF values. Thus, the inverted has a 
PCE even slightly higher than the normal PSC. The higher PCE of the invereted 
PSC may be related to the distribution of P3HT and PCBM in the active layer 
along the vertical direction. As observed by Campoy-Quiles et al, the bottom of 
the active layer is rich of PCBM, while the top is rich of P3HT[79]. Hence, an 
inverted architecture can facilitate both the electron and hole collections at the two 
electrodes and give rise to higher PCE. 
The series (Rs) and shunt resistances (Rsh) of these devices were investigated 
to understand the NaOH effect. They were estimated in terms of the slopes of the 
J-V curves at 0 and 0.75 V, respectively. The Rs of the inverted PSC is smaller than 
that of the control inverted PSC, and it is even smaller than that of the normal PSC. 
This suggests that the NaOH-modified ITO forms good electrical contact with the 
active layer. The Rsh value of the inverted PSC is much higher than that of the 
control inverted PSC, while it is comparable to that of the normal PSC. These 
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resistance values are consistent with the photovoltaic performances of the devices.  
The photovoltaic performance of the inverted PSCs depends on the 
experimental conditions of preparing the NaOH layer. Figure 3.3 presents the J-V 
curves of inverted PSCs with NaOH prepared from methanol solutions of different 
concentrations and an inverted PSC without annealing of the NaOH layer. The 
photovoltiac performance data are summerized in Table 3.2. The NaOH 
concentration in solution affects the photovoltaic performance of the inverted 
PSCs. The photovoltaic performances of the inverted PSCs indicate that the  























Figure 3.3 J-V curves of inverted PSCs glass/ITO/NaOH/P3HT:PCBM/MoO3/Al. 
The NaOH layers were formed by spin coating methanol solutions of 0.1 wt%, 0.3 
wt%, 0.5 wt% and 1.0 wt% NaOH and subsequently annealing at 120 oC at 10 min in 
air. The NaOH layer of one device coated from 0.5 wt% NaOH in methanol was not 
annealed for comparison. 
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Table 3.2 Photovoltaic performances of inverted P3HT:PCBM PSCs with NaOH- 
treated ITO. NaOH layers were spin coated from a methanol solution of different 
NaOH concentrations. The NaOH layer without annealing was prepared by coating 
0.5 wt% NaOH in methanol. 
Conc. Voc (V) Jsc (mA cm-2) FF PCE (%) Rs (Ωcm-2) Rsh (Ωcm-2)
No anneal 0.38 5.30 0.42 0.84 12.5 252 
0.1 % 0.51 9.83 0.49 2.44 9.1 424 
0.3 % 0.58 10.53 0.62 3.78 3.3 1493 
0.5 % 0.58 10.03 0.67 3.89 2.5 1419 
1.0 % 0.56 9.69 0.60 3.25 3.8 888 
 
optimal NaOH concentration is 0.5 wt%. When the NaOH concentration was 0.1%, 
the corresponding inverted PSC exhibited an efficiency of only 2.44%.  
Compared with the PCEs of the optimal inverted PSC, this low PCE is mainly due 
to the low Voc (0.51 V) and FF (0.49) values. This is related to the higher Rs while 
lower Rsh. Presumably, the solution with a low NaOH concentration gives rise to a 
low NaOH coverage on ITO. This is confirmed by the AFM images of ITOs 
treated with solutions of 0.1 wt% and 1 wt% NaOH (Figure 3.4). The NaOH layer 
prepared from the 0.1 wt% concentration only partially covers ITO. On the other 
hand, the PCE decreased to 3.25% for the treatment with 1.0 wt% NaOH solution 
because of the lower Jsc and FF values. This could be attributed to the thick NaOH 
layer on ITO, which increases Rs since NaOH is an insulator. The electrons are 
collected after they tunnel through the NaOH layer into ITO, so that a thick 
insulating NaOH layer can increase Rs[80-82]. 
The cross section of an inverted PSC with the NaOH layer of optimal 
thickness was studied by high-resolution TEM. As shown in Figure 3.5, the NaOH 
layer covers all the ITO area and has a relatively good uniformity. 
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Figure 3.4 AFM images of NaOH-treated ITOs. The ITOs were spin coated with 
methanol solutions of (a) 0.1 wt% and (b) 1 wt% NaOH at 2000 rpm for 1 min and 
subsequently annealed at 120 oC for 10 min in air. The unit of the images is μm. 
 
 
Figure 3.5 Cross-sectional high resolution TEM image of an inverted PSC with a 
NaOH layer of optimal thickness on ITO. The Pt and Au layers were deposited as 
protective layers during the sample preparation with FIB. 
 
(b)(a) 
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Figure 3.6 FT-IR spectra of NaOH before (a) and after (b) annealing at 120 oC for 10 
min. (c) is the FT-IR spectrum of pure Na2CO3. 
 
The annealing of the NaOH layer in air is also important to achieve high 
photovoltaic performance. As shown in Figure 3.3, the inverted PSCs without 
annealing of the NaOH layer exhibited poor photovoltaic performance: Jsc = 5.30 
mA cm-2, Voc = 0.38 V, FF = 0.42, and PCE = 0.84%. The annealing may affect the 
interaction between ITO and NaOH and some NaOH may convert into Na2CO3 
during annealing[83]. The conversion of NaOH into Na2CO3 was detected by the 
FT-IR spectroscopy (Figure 3.6). The FT-IR spectrum of NaOH remarkably 
changed after annealing. Three IR bands at 1631, 1086 and 825 cm-1 disappears. 
The FT-IR spectrum of annlealed NaOH becomes quite similar to that of Na2CO3. 
The conversion from NaOH into Na2CO3 can improve the wettibility of the 
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1,2-dichlorobenzene (DCB) solution of P3HT and PCBM on the NaOH-modified 
ITO as shown in the inset of Figure 3.7. Because P3HT and PCBM are 
hydrophobic, they can form better contact with Na2CO3 than NaOH. This 
conclusion is also confirmed by the decrease of the Rs value of PSC after the 
annealing of the NaOH layer. 
However, the NaOH modification can not be simply attributed to the NaOH 
conversion into Na2CO3. NaOH was coated and annealed in a glove box filled with 
nitrogen to avoid the conversion of NaOH into Na2CO3. The photovoltaic 
performance of the corresponding inverted PSC is shown in Figure 3.7 and Table 
3.3. The PSC performance are: Voc = 0.60 V, Jsc = 9.06 mA cm-2, FF = 0.58, and 
PCE = 3.12%. Compared with the optimal inverted PSC, the shunt resistance was 
reduced by nearly half. The lower Jsc, FF and Rsh values suggest the formation of 
Na2CO3 through annealing NaOH in air can facilitate the electron collection and 
surppress leakage current, which might be related to the better contact at the 
interface between the cathode and the active layer. 
Moreover, only Na2CO3 on ITO is not good enough to achieve high 
photovoltaic performance. A layer of Na2CO3 was formed on ITO by spin coating 
a methanol solution of 0.3 wt% Na2CO3 in air. Methanol solution of 0.3 wt% 
Na2CO3 is the optimal condition for Na2CO3 modification of ITO for inverted 
PSCs. The corresponding inverted PSC exhibited PCE of 3.27% (Figure 3.7 and 
Table 3.3), inferior to that of the optimal inverted PSC with ITO treated by NaOH 
in air. Both Jsc and FF values of the inverted PSC with Na2CO3-treated ITO are 
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lower than the inverted PSC with NaOH-treated ITO. These results suggest that the 
presence of both NaOH and Na2CO3 on ITO will be important for high 
photovoltaic performance.  
The effect of Na2CO3 was further investigated by forming a layer of Na2CO3 
and NaOH mixture on ITO. A methanol solution consisting of 0.08 wt% Na2CO3 
and 0.42 wt% NaOH was spin coated on ITO at 2000 rpm and subsequently heated 
at 120 oC in a glove box. The obtained PSC has a PCE of 3.19%, which is only 
slightly better than that (3.12%) with ITO spin coated with NaOH in glove box. 
This can be attributed to the different structure of NaOH and Na2CO3 on ITO. 





















Figure 3.7 J-V curves of inverted PSCs with ITO treated with (a) dipping into 0.4 
wt% NaOH methanol solution, (b) spin coating 0.5 wt% NaOH 2-ethoxyethanol 
solution, and (c) spin coating 0.3 wt% Na2CO3 methanol solution. (a) and (c) were 
carried out in air, while (b) in a glove box filled with nitrogen. The insets are the 
pictures of 10 ul 1,2-dichlorobenzene solution of 25 mg/ml P3HT and 25 mg/ml 
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Table 3.3 Photovoltaic performances of inverted PSCs with ITO treated by dip 
coating NaOH or by spin coating NaOH and Na2CO3 in a glove box 
ITO treatment Voc (V) Jsc (mA cm-2) FF PCE (%) Rs (Ωcm-2) Rsh (Ωcm-2) 
Dipping  0.45 9.96 0.46 2.06 8.2 363 
NaOH 0.60 9.06 0.58 3.12 4.1 834 
Na2CO3 0.58 9.92 0.57 3.27 2.8 830 
 
Coating and subsequent annealing of NaOH in air can give rise to a layer of 
Na2CO3 on NaOH, while they are mixed in the layer formed by spin coating the 
solution of NaOH and Na2CO3. 
As observed by Nüesch et al, the work function of ITO can be lowered by 
dipping it into a NaOH solution[76]. The NaOH treatment of ITO was also carried out 
by dipping the ITO into a methanol solution of 0.4 wt% NaOH for 7 hr. It was then 
rinsed with copious deionized water for 1 min followed by drying at 120 oC for 10 
min in air. The J-V curve of the inverted PSC with such an ITO electrode is also 
presented in Figure 3.7, and the photovoltaic performances are listed in Table 3.3. All 
the parameters including Voc, Jsc, and FF are lower than that of the optimal inverted 
PSCs. The Voc value is only 0.43 V, remarkably lower than the optimal inverted PSC 
with ITO spin coated with NaOH. The difference between dip coating and spin 
coating of NaOH on ITO is that dip coating results in only a monolayer of NaOH on 
ITO surface, while spin coating gives rise to a thick film of NaOH. The differences in 
the photovoltaic performances of the two PSCs, especially the Voc parameter, imply 
that the reduction in work function of the ITO treated with spin-coated NaOH is 
greater than that from dip coated NaOH. 
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3.2.2 Photovoltaic performance of inverted PSCs with sodium 
compound- treated ITO cathodes 
In order to further understand the effect of NaOH on the photovoltaic 
performance of the inverted PSCs, other sodium compounds, including Na2B4O7, 
Na3PO4, NaOAc, TsONa, Na2SO4, NaClO4 and NaNO3, were also spin coated to 
modify ITOs. Figure 3.8(a) and (b) present the J-V curves of these inverted PSCs. 
The photovoltaic performances were summarized in Table 3.4. The photovoltaic 
performance of the inverted PSCs depends on the sodium compounds. The 
inverted PSCs using ITO modified with NaOH, Na2B4O7, Na3PO4 and NaOAc 
exibited high photovoltaic performance. Their Voc values are close to 0.6 V, and 
their PCE values are more than 3.3%. Voc drops to 0.42 eV, and PCE decreases to 
1.94% for the device with ITO modified with TsONa. Voc and PCE further 
decrease for inverted PSCs using ITOs modified with Na2SO4, NaClO4 and 
NaNO3. 
It is interesting to find out that the photovoltaic performances of these devices 
are generally consistent with the association of the the anions (A-s) of the sodium 
compounds with proton, A- + H+ Æ HA (Table 3.4), that is, the photovoltaic 
performance is related to the dissociation constant (Ka) of the corresponding acid 
(HA) of the anion of a sodium compound. The sodium compounds with a positive 
pKa value, such as NaOH, Na2B4O7, Na3PO4 and NaOAc, give rise to a PCE of above 
3% and Voc of higher than 0.55 V. In contrast, NaNO3, NaClO4, Na2SO4 and TsONa 
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have negative pKa values of HAs, and corresponding inverted PSCs have poor 
photovoltaic performance.   















































Figure 3.8 J-V curves of inverted PSCs glass/ITO/P3HT:PCBM/MoO3/Al with ITOs 
modified with (a) NaOH, Na3PO4, NaClO4 and Na2SO4 abd (b) Na2B4O7, NaOAc, 
TsONa and NaNO3 as the cathodes. 
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Table 3.4 Photovoltaic performances of inverted PSCs with ITOs treated with various 
sodium compounds 
Compound Voc (V) Jsc (mA cm-2) FF PCE (%) pKaa 
NaOH 0.58 10.03 0.67 3.89 13 
Na2B4O7 0.59 9.86 0.58 3.37 9.24 
Na3PO4 0.57 10.09 0.59 3.34 12.67 
NaOAc 0.57 10.05 0.59 3.33 4.76 
TsONa 0.42 9.66 0.47 1.94 -2.8 
Na2SO4 0.29 9.39 0.37 0.99 -3 
NaClO4 0.31 6.31 0.44 0.87 -8 
NaNO3 0.27 7.52 0.37 0.75 -1.4 
a The Ka values are the dissociation constants of the corresponding acids of the anions 
of the sodium compounds. pKa = -logKa. 
  
3.2.3 Mechanism for reduction of the work function of ITO by 
sodium compounds 
The work functions of ITOs untreated and treated with various sodium 
compounds were studied by UPS (Figure 3.9 and Table 3.5). The kinetic energy 
of the cut-off edge shifts to low after the modification of ITO with a sodium 
compound. This indicates a reduction in the work function of ITO. The reduction 
of work function after the modification with sodium compounds is consistent with 
the pKa values of the acids corresponding to the anions and the photovoltaic 
performances, especially the Voc parameter (Figure 3.10). Greater the pKa value, 
lower the work function of the modified ITO. The work function of untreated ITO 
is about 4.7 eV. Sodium compounds with their anions of positive pKa values can 
significantly reduce the work function of ITO to 3.7 eV or below, while the work 
functions are in the range between 4.3 and 4.6 eV for the ITOs modified with 
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sodium compounds which have anions of negative pKa values. 


























































Figure 3.9 Normalized UPS spectra of ITO modified with sodium compounds. The 
sodium compounds were spin coated on ITOs in air. 
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Table 3.5 Effective work functions (Φ) of ITOs modified with various sodium 
compounds. ΔΦ is for the reduction in the work function. 
Compound Φ (eV) ΔΦ (eV) Compound Φ (eV) ΔΦ (eV) 
-- 4.70 0 Na2CO3 3.80 0.90 
Na2B4O7 3.63 1.07 NaNO3 4.32 0.38 
NaOH 3.71 0.99 TsONa 4.39 0.31 
NaOAc 3.73 0.97 Na2SO4 4.53 0.17 
Na3PO4 3.74 0.96 NaClO4 4.54 0.16 
 



























Figure 3.10 Variations of the effective work function of modified ITO and Voc 
values of the corresponding inverted PSCs with the pKa values of the acids 
corresponding to the anions of the sodium compounds. 
 
The consistence of the work functions of modified ITOs with the pKa values 
of the corresponding acids of the anions indicates that the reduction in the work 
function of ITO is related to the association of anions with metal cations. A greater 
pKa value suggests stronger interaction of the anion with proton and other cations. 
Anions with a great pKa value like OH-, B4O72-, PO43- and OAc- can interact more 
strongely with In3+ and Sn4+ of ITO. As a result of these interactions, dipole 
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moments are formed at the interface between ITO and the layer of sodium 
compound. These dipole moments are account for the vacuum level shift and thus 
work function reduction of the modified ITO.  
The association of the anions with In3+ and Sn4+ of ITO is confirmed by XPS. 
The samples were prepared by spin coating 1 wt% methanol or aqueous solutions of 
various sodium compounds on clean ITO substrates, and subsequently annealing at 
120 oC for 10 min in air. Then the ITO substrates coated with sodium compounds 
were immersed into DI water multiple times. Finally, they were dried in dry nitrogen 
flow. As shown in Figure 3.11(a), a treatment in Na2SO4 or NaClO4 solution almost 
causes no change in the In 3d5/2 XPS band, in comparison with untreated ITO. 
However, this XPS band shift to red by 0.1 to 0.2 eV for the ITO substrates treated 
with Na2B4O7 and Na3PO4. Similar effects were also observed on the Sn 3d5/2 XPS 
band of ITO as presented in Figure 3.11(b). These results indicate different 
interactions between ITO and Na2SO4 or NaClO4 from that between ITO and 
Na2B4O7 or Na3PO4. 
Figure 3.12 shows the In 3d5/2 XPS band of ITO treated with Na3PO4 solution 
at two different incident angles of the X ray. The red shift at the incident angle of 60 
degree with respect to at the incident angle of 0 degree evidences that the sodium 
compound-induced red shift in the In 3d5/2 binding energy arises from the association 
of the anions and metal ions of ITO at the ITO surface. 
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Figure 3.11 (a) In 3d5/2 and (b) Sn 3d5/2 XPS spectra of untreated ITO and ITO 
substrates treated with Na3PO4, Na2B4O7, NaClO4 and Na2SO4. 
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Figure 3.12 In 3d5/2 XPS spectra of ITO treated with Na3PO4 at incident angles of 0 
degree and 60 degree. 
 
The model accounting for the sodium compound-induced change in the work 
function of ITO is similar to that by Nüesch et al on the alkaline effect on the ITO, 
who proposed that OH- can associate with the metal ions of ITO[76]. Besides OH-, 
other anions like B4O72-, PO43- and OAc- can also associate with the metal ions of ITO 
in this model. The association is related to the pKa values of the acids corresponding 
to the anions. 
The model implies the presence of Na+ and anions on the surface of ITO if a 
sodium compound remarkably lowers the work function of ITO. The presence of Na+ 
was observed for ITO substrates treated with Na3PO4 and Na2B4O7, while it was not 
detected for ITO substrates treated with NaClO4 and Na2SO4 (Figure 3.13(a)). We 
also observed the XPS signal on ITO substrate treated with Na3PO4 (Figure 3.13(b)). 
In contrast, no S XPS signal was detected on ITO treated with Na2SO4 solution. 
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Figure 3.13 (a) Na 1s XPS spectra of ITO substrates treated with Na3PO4, Na2B4O7, 
NaClO4 and Na2SO4. (b) P 2p XPS spectra of ITO treated with Na3PO4. 
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As mentioned above, the photovoltaic performance of inverted OPVs with 
NaOH-modified ITOs is sensitive to the coating conditions. The effects of these 
experimental conditions were also investigated on the work function of ITO. As 
shown in Figure 3.14, modification of ITO by dip coating NaOH only reduces the 
work function to 4.33 eV, less significant than the modification by spin coating NaOH 
either in air or in glove box. Dip coating produces only a monolayer of NaOH on ITO 
surface, while spin coating method deposits a thick NaOH film which might consists a 
few layers of NaOH. The more significant reduction in the work function of ITO by 
spin coating of NaOH suggests that NaOH of more than monolayer may orient at the 
surface of ITO. 
UPS was also used to study the oxygen effect on the work function of ITO  



























Figure 3.14 Normalized UPS spectra of ITOs (a) untreated, (b) dip coated with NaOH, 
(c) spin coated with Na2CO3 in air, (d) spin coated with NaOH in air, and (e) spin 
coated with NaOH in glove box. 
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during the NaOH modification. As shown in Figure 3.14, spin coating of NaOH in 
glove box can reduce the work function more significantly than that in air. This 
indicates that the conversion of NaOH into Na2CO3 is not important for the reduction 
of the work function of ITO. In fact, the work function of Na2CO3-treated ITO is 3.80 
eV, even slightly higher than that of NaOH-treated ITO. This is probably due to the 
high pKa value of CO32- than OH-. These work functions are consistent with the 
observations on the inverted PSCs. 
 
3.3 Conclusions 
In summary, the surface modification of ITO with NaOH can significantly 
reduce the work function. The NaOH-modified ITO can be used as the cathode of 
inverted PSCs for the electron collection. The photovoltaic performance of the 
inverted PSCs with NaOH-modified ITO is sensitive to the experimental conditions, 
including the NaOH concentration, annealing of the NaOH layer and oxygen during 
the modification. The reduction in the work function of ITO was also observed when 
other sodium compounds were coated to modify ITO. The work functions of modified 
ITOs and the photovoltaic performance of inverted PSCs are related to the pKa values 
of the acids corresponding to the anions of the sodium compounds. The reduction of 
the work function by sodium compounds is attributed to the formation of dipole 
moments on the surface of ITO, which is related to the interactions between the 
anions of sodium compounds and the Sn4+ and In3+ cations of ITO. 
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ITO modified with solution-processed 
zwitterions as transparent cathode 
 
4.1 Introduction 
The previous chapter of this thesis (Chapter 3) reports a facile and novel method 
to lower the work function of ITO by spin coating a thin layer of sodium 
compounds[84]. The work function can be lowered by as much as 1 eV. The reduction 
of the work function by sodium compounds is attributed to the formation of dipole 
moment on the surface of ITO, which is related to the interactions between the anions 
of sodium compounds and the Sn4+ and In3+ cations of ITO. The treated-ITO sheets 
can serve as cathode to collect electrons in polymer solar cells. The PSCs with NaOH 
treated-ITOs exhibit high efficiency of 3.89 %. However, a big concern for the 
modification of ITO with salts is the ion motion under electric field, which can affect 
the device performance and deteriorate the device stability[85,86]. 
To remedy the problem, this chapter reports a novel method to lower the work 
function of ITO by introducing a thin layer of zwitterions in this chapter. A zwitterion, 
4. ITO modified with solution-processed zwitterions as transparent cathode 
 62
also called an inner salt, is a neutral molecule that possesses both positive and 
negative charges at different locations of the same molecule. Zwitterions have been 
used in detergents[87,88], lithium ion batteries[89-91] and drug delivery[92,93]. They were 
also used to increase the conductivity of PEDOT:PSS films[94]. The positive and 
negative charges form a strong intrinsic dipole moment within the molecule. The 
zwitterions do not diffuse under an external electrical field. This feature implies it 
might be used to modify the surface of ITO. 
In this study, the zwitterion layer was formed on ITO by solution processing 
techniques, such as spin coating of methanol solutions of zwitterions. Zwitterions 
can lower the work function of ITO by up to 0.97 eV. The zwitterion-modified ITO 
sheets were used as the cathode for the electron collection. The inverted PSCs with 
zwitterion-modified ITO as the cathode exhibited a high PCE of 3.98% under 
simulated AM 1.5G illumination (100 mW cm-2), comparable to that of control 
PSCs with normal architecture. 
 
 
Figure 4.1 (a) Schematic device architecture of inverted PSCs and (b) the chemical 
structure of P3HT and PC61BM. 
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4.2 Results and discussion 
4.2.1 Inverted PSCs with rhodamine-modified ITO as cathode 
The zwitterions used in this study are in solid state at room temperature and 
soluble in polar solvents like methanol. They were used to modify ITO for inverted 
PSCs whose architecture is shown in Figure 4.1(a). A thin layer of zwitterions was 
formed on ITO by spin coating. The thickness of the zwitterion layer was estimated 
by the optical absorption with the Beer-Lambert law. The active layer of PSCs was 
prepared by coating a dichlorobenzene solution of P3HT and PC61BM. Inverted PSCs 
with rhodamine 101-modifed ITO exhibited the best photovoltaic performance among 
the zwitterions in use. The device has a structure of glass/ITO/rhodamine 
101/P3HT:PC61BM/MoO3/Al. Figure 4.2 presents the current density (J)-voltage (V) 
curve of such an inverted PSC. The rhodamine 101 layer was coated from methanol 
solution of 0.08 wt% rhodamine 101, and its thickness was 1.5 nm. The photovoltaic 
parameters, including open-circuit voltage (Voc), short-circuit current (Jsc), fill factor 
(FF) and PCE, are summarized in Table 4.1. The J-V curve of a control inverted PSC 
with a blank ITO as the cathode is presented as well. The PSC with rhodamine 
101-modified ITO exhibits high photovoltaic performance. The Voc (0.59 V) and FF 
(0.66) suggest the efficient electron collection by the modified ITO. The photovoltaic 
performance is saliently better than that of the control inverted PSC with a blank ITO. 
The inverted PSC with rhodamine 101-modified ITO has a PCE of 3.98%, while the 
PCE is only 0.35% for the control device.  
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Figure 4.2 J-V curves of inverted PSCs glass/cathode/P3HT:PC61BM/MoO3/Al with a 
blank ITO and a rhodamine 101-treated ITO as the cathode. 
 
Table 4.1 Photovoltaic performances of inverted PSCs glass/cathode/P3HT: 
PC61BM/MoO3/Al with (a) a blank ITO and (b) a rhodamine 101-modified ITO as the 
cathode. 
Device Voc (V) Jsc (mA cm-2) FF Best PCE (Average)a (%) Rs (Ω cm-2) Rsh (Ω cm-2)
(a) 0.16 7.11 0.31 0.35 (0.31) 7.6 50 
(b) 0.59 10.21 0.66 3.98 (3.89) 1.7 29430 
a The PCE were averaged over 10 devices. The averaged PCE values are shown in parentheses. 
 
The series resistance (Rs) and shunt resistance (Rsh) were extracted from the 
inverse of the slopes of J-V curves of devices in dark at 1 and 0 V, respectively. They 
are also listed in Table 4.1. The Rs value of the inverted PSC is much lower than that 
of the control inverted PSC. It implies that the ITO modification with rhodamine 101 
can facilitate the electron transport across the interface between the active layer and  
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Figure 4.3 J-V curves of inverted PSCs glass/ITO/rhodamine 101/P3HT:PC61BM/ 
MoO3/Al with the rhodamine 101 layer deposited from the methanol solutions of 0.01, 
0.04, 0.08, 0.2 and 1 wt% rhodamine 101. 
 
Table 4.2 Photovoltaic performances of inverted PSCs glass/ITO/rhodamine 
101/P3HT:PC61BM/MoO3/Al with the rhodamine 101 layer deposited from the 
methanol solutions of different rhodamine 101 concentrations. 












0.01% 0.3 0.55 9.93 0.53 2.89 (2.61) 3.0 11160 
0.04 % 0.8 0.59 10.01 0.63 3.72 (3.60) 4.9 17610 
0.08 % 1.5 0.59 10.21 0.66 3.98 (3.89) 1.7 29430 
0.2 % 4.0 0.59 9.96 0.65 3.82 (3.67) 1.9 83260 
1.0 % 16.4 0.59 9.79 0.61 3.52 (3.43) 2.9 154800
a The PCE were averaged over 10 devices. The averaged PCE values are shown in parentheses. 
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ITO. The small Rs value is consistent with the high Voc value[95]. In addition, the Rsh 
value of the inverted PSC is much greater than that of the control inverted PSC. The 
Rs and Rsh values are in good agreement with the photovoltaic performance of the two 
inverted PSCs. 
The photovoltaic performance of the inverted PSC with rhodamine 101-modified 
ITO cathode depends on the thickness of the rhodamine 101 layer. Figure 4.3 and 
Table 4.2 present the photovoltaic performances of inverted PSCs with rhodamine 
101 layer prepared from methanol solutions of different rhodamine 101 
concentrations. The thicknesses of rhodamine 101 layers are also presented in Table 
4.2. The inverted PSCs exhibited high photovoltaic performance for the rhodamine 
101 concentration varied from 0.04 wt% to 0.2 wt%, and the highest PCE was 
obtained at 0.08 wt% rhodamine 101. The variations of Rs and Rsh of the PSCs with 
the thickness of the rhodamine 101 layer are consistent with device performance. 
 
4.2.2 Inverted PSCs with ITO sheets modified by other zwitterions 
To explore the relationship between the chemical structure of zwitterions and 
photovoltaic performance of the inverted PSCs, other zwitterions, including DNSPN, 
DDMAP, DMCSP, TPPBS, TPPPS and SPAB, were also used to modify ITO. Their 
chemical structures are presented in Figure 2.1 and are re-produced here. In terms of 
the chemical structure, these zwitterions can be classified into two groups. The first 
group includes rhodamine 101, TPPBS, TPPPS and SPAB, in which the nitrogen or  




phosphorus atom with the positive charge is connected with bulky aromatic ring(s). 
The second group includes DNSPN, DDMAP and DMCSP. Though the nitrogen 
atom with the positive charge is connected with a benzene ring for DMCSP, it is 
classified into the second group because the benzene ring is less bulky than the 
aromatic ring(s) of the zwitterions in the first group. The zwitterions are classified in 
this way because the charge transport through a conjugated structure is significantly 
different from that through a non-conjugated structure, and the bulky aromatic ring(s) 
can affect the interactions among the zwitterion molecules. 
The ITO sheets were modified with other zwitterions through a similar process 
as that for rhodamine 101. The optimal concentrations for the photovoltaic efficiency 
of the inverted PSCs are different for different zwitterions. The optimal concentration 
for DNSPN, DDMAP, DMCSP, TPPBS, TPPPS and SPAB is 0.2 wt%, 1 wt%, 1 wt%, 
0.07 wt%, 0.02 wt% and 0.5 wt%, respectively. Figure 3 shows the J-V curves of the 
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inverted PSCs with ITO modified with the zwitterion layer prepared from the 
methanol solutions of optimal zwitterion concentrations. The photovoltaic parameters 
are listed in Table 4.3. 
The photovoltaic performance of the inverted PSCs is strongly dependent on the 
chemical structure of the zwitterions. The zwitterions in the first group, particularly 
rhodamine 101, TPPBS and TPPPS, give rise to high PCEs, while the zwitterions in 
the second group lead to low PCEs. The inverted PSCs with DMCSP exhibit the 
lowest PCE of only 0.59%. The PCE values of the inverted PSCs are generally 
consistent with their Voc values. This suggests that the surface properties of the 
zwitterion-modified ITO is the dominant factor for the photovoltaic performance. As 
shown in Table 4.3, the inverted PSCs with rhodamine 101 exhibit the highest fill 
factor and lowest Rs value. These can be attributed to the conjugated molecular 
structure that gives rise to a small resistance for the charge transport from the active 
film into ITO. TPPBS and TPPPS have almost the same chemical structure, except 
that TPPBS has one more C atom between SO3- and P+. A longer connector can 
increase the dipole moment but it also reduces the charge tunneling probability 
through the zwitterion layer. The inverted PSCs with TPPBS and TPPPS exhibit close 
photovoltaic performance. Thus, the photovoltaic performance is insensitive to the 
slight change in the separation between the positive and negative charges. The 
inverted PSCs with zwitterions of the second group exhibit lower FF and lower Rsh 
values than that with zwitterions of the first group.  
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Figure 4.4 J-V characteristics of inverted PSCs glass/ITO/zwitterion/P3HT:PC61BM/ 
MoO3/Al with different zwitterions. 
 
Table 4.3 Photovoltaic performances of inverted PSCs glass/ITO/zwitterion/P3HT: 











Rhodamine 101 0.59 10.21 0.66 3.98 (3.89) 1.7 29430 
TPPBS 0.58 10.29 0.63 3.80 (3.63) 1.7 24180 
TPPPS 0.58 10.00 0.65 3.77 (3.59) 2.1 38290 
DDMAP 0.55 10.20 0.48 2.69 (2.57) 5.2 20410 
SPAB 0.52 9.67 0.52 2.58 (2.38) 4.2 22650 
DNSPN 0.47 10.51 0.46 2.27 (2.14) 11.1 14420 
DMCSP 0.22 7.90 0.34 0.59 (0.49) 20.0 90 
a The PCE were averaged over 10 devices. The averaged PCE values are shown in parentheses. 
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 Table 4.4 Contact angles of a water droplet on ITO sheets modified with various 
zwitterions. 
Zwitterion Contact angle (o) Zwitterion Contact angle (o) 
-- 8-9 TPPPS 25-26 
Rhodamine 101 39-40 DNSPN 5-6 
TPPBS 36-37 DDMAP 7-8 
SPAB 35-36 DMCSP N.A.a 
a The contact angle is too small to be measurable. 
 
 
Figure 4.5 AFM images of P3HT:PC61BM films deposited on ITO sheets modified 
with (a) rhodamine 101, (b) TPPBS, (c) DNSPN and (d) DMCSP. The image size is 5 
um and height bar is 100 nm. The rms roughness values are 11.3 nm, 12.8 nm, 30.5 
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The variation of the Rsh value with these zwitterions agrees with that of the 
contact angles of water on zwitterion-modified ITO sheets (Table 4.4). The contact 
angle was 8-9o for water on blank ITO which was sequentially cleaned with detergent, 
water, acetone and isopropyl alcohol and then treated with UV-ozone. It is 
comparable for contact angles of UV ozone-treated ITO reported in literature[96,97]. 
The contact angle increases after the modification with the zwitterions of the first 
group, whereas it decreases after the modification with the zwitterions of the second 
group. In other words, the zwitterions of the first group make the ITO surface more 
hydrophobic, whereas the zwitterions of the second group turn the ITO surface to be 
more hydrophilic. This implies that the zwitterions can affect the morphology of the 
active layer of PSCs. The surface morphology of P3HT:PC61BM films on ITO sheets 
coated with rhodamine 101, TPPBS, DNSPN and DMCSP was studied by AFM 
(Figure 4.5). The P3HT:PC61BM films are smooth on rhodamine 101 and 
TPPBS-modified ITO sheets, while those on DNSPN and DMCSP-treated ITO sheets 
are quite rough. The rms roughness values of the P3HT:PC61BM films are 11.3 nm, 
12.8 nm, 30.5 nm and 33.8 nm for ITO sheets modified with rhodamine 101, TPPBS, 
DNSPN and DMCSP, respectively. The different roughness values of the active films 
can be attributed to the differences in the hydrophilicity of the ITO surfaces with 
different zwitterions. The relative hydrophobic ITO surfaces with the zwitterions of 
the first group give rise to smooth active films, while the hydrophilic ITO surfaces 
with the zwitterions of the second group lead to rough active films. 
The effect of the zwitterions on the morphology of the active P3HT:PC61BM film 
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is due to the hydrophilicity/hydrophobicity of the ITO surface rather than the 
morphology of the modified ITO sheets. Zwitterions do not have remarkable effect on 
the morphology of the ITO surface. Figure 4.6 presents the AFM images of a blank 
ITO sheet and ITO sheets modified with rhodamine 101, TPPPS and TPPBS. There is 
almost no detectable change in the morphology after the zwitterion modification. The 
rms roughness values of these zwitterions-modified ITO sheets are 4.7 nm, 4.2 nm, 
4.4 nm and 4.6 nm, respectively. 
 
 
Figure 4.6 The AFM images of (a) a blank ITO and ITO sheets modified by (b) 
Rhodamine, (c) TPPPS and (d) TPPBS zwitterions. The image size is 2 um and height 
bar is 30 nm.  
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4.2.3 Mechanism for zwitterion-induced reduction in the work 
function of ITO 


























































Figure 4.7 Normalized UPS spectra of a blank ITO and ITO sheets modified with 
various zwitterions. 
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Table 4.5 Effective work functions (Φ) of ITO sheets modified with various 
zwitterions. ΔΦ values are for the reductions in the work function. 
Zwitterion Φ (eV) ΔΦ (eV) Zwitterion Φ (eV) ΔΦ (eV) 
-- -4.69 0 SPAB -4.00 0.69 
DMCSP -4.54 0.14 TPPPS -3.90 0.79 
DNSPN -4.17 0.52 Rhodamine 101 -3.73 0.96 
DDMAP -4.12 0.57 TPPBS -3.72 0.97 
 
The work function of zwitterion-modified ITO sheets was investigated by UPS. 
The cut-off edges are shown in Figure 4.7. The work function values were 
summarized in Table 4.5. TPPBS and rhodamine 101 produce the significant 
reductions in the work function of ITO by 0.97 and 0.96 eV, respectively. The change 
in the work function is comparable to the modification of ITO with organic SAMs as 
reported by Kim et al[46]. In contrast, DMCSP gives rise to a slight reduction in the 
work function of ITO by only 0.16 eV. The zwitterion-induced change in the work 
function of ITO is consistent with photovoltaic performance of the inverted PSCs. 
 
Figure 4.8 (a) The topography and (b) 3D surface potential of an ITO sheet partially 
covered with 1 nm-thick rhodamine 101 film deposited by thermal evaporation. The 
dimension is 70 um. The scale bars are 30 nm and 800 mV for topography and surface 
potential, respectively. 
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The zwitterion-induced change in the work function of ITO was further studied 
by KPFM[98]. The tests were performed on ITO sheets partially covered with a 1 
nm-thick rhodamine 101 layer. The topography and surface potential of ITO were 
presented in Figure 4.8(a) and (b). Though the topography change from the 
uncovered part to the part covered with the rhodamine 101 is not remarkable, the 
surface potential increases abruptly by 800 mV at the edge from uncovered ITO part 
to the part covered with rhodamine 101. 
Presumably, the zwitterion molecules chemically adsorb on the ITO surface 
through the bond formed between the anions, including –COO-, -SO3- and –SO4-, of 
the zwitterions, and ITO[72,99-101]. The interactions between the zwitterions and ITO 
were investigated by XPS. Figure 4.9 presents the In 3d and Sn 3d XPS spectra of a 
blank ITO and ITO sheets modified with various zwitterions. The XPS doublets of 
both In 3d and Sn 3d shift to red after the zwitterion modification. The red shifts 
suggest the chemical adsorption of the zwitterions on ITO. Interestingly, the red shift 
of the binding energy is consistent with the pKa values of the acids corresponding to 
the anions of these zwitterions. The pKa values are 4.76, -1.92 and -3.4 for CH3COOH, 
CH3SO3H, and CH3SO4H, respectively[ 102 ]. Thus, a zwitterion with an anion 
corresponding to a greater pKa value can bind more strongly to the ITO surface. This 
phenomenon is in good agreement with my previous study of the ITO modification 
with sodium compounds[84]. 
The different changes in the work function of ITO modified with different 
zwitterions suggest that the zwitterions have different orientations on the ITO surface.  
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Figure 4.9 (a) and (b) In 3d, and (c) and (d) Sn 3d XPS spectra of blank ITO and ITO 
treated with various zwitterions. 
 
 
Figure 4.10 Schematic (a) perpendicular and (b) lie-down orientations of zwitterions 
on ITO surface. 
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The change in the work function of ITO should be related to the orientation of the 
dipole moment of the zwitterions on the ITO surface. If all the zwitterion molecules 
orient perpendicular to the ITO surface as schematically shown in Figure 4.10(a), the 
work function change should be similar for all the zwitterions because they have 
almost the same dipole moment. The work function of ITO changes less remarkably if 
the zwitterion molecules lie down on the surface of ITO (Figure 4.10(b)). Thus, the 
zwitterions of the first group likely take the former orientation on ITO, whereas the 
zwitterions of the second group adopt the latter orientation. The chemical structure of 
rhodamine 101 was simulated using Gaussian 03 program with the B3LYP-3-21G 
base set. As shown in Figure 4.11, the dimensions of the molecule are 13.7, 9.5 and 5.5 
Å along x, y and z directions, respectively. Thus, at the optimal thickness of 1.5 nm, the 
rhodamine 101 layer is consisted of 2 or 3 monolayers of rhodamine 101 molecules. 
 
 
Figure 4.11 Molecular structure of rhodamine 101 using the Gaussian 03 program. 
 
These two pictures for the different orientations of the two groups of zwitterions 
can account for the contact angles of water on the surface of ITO sheets modified with 
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with the zwitterions of the second group, despite that these zwitterions have a long 
alkyl chain that should lead to a hydrophobic surface. In contrast, the surfaces of ITO 
sheets modified by the zwitterions of first group are more hydrophobic. Since the 
alkyl chains are nonpolar and hydrophobic, the contact angle data suggest the 
zwitterion molecules of the second group lie down on the ITO surface. This is 
probably due to the strong Coulombic repulsion arising from the charges of the 
zwitterion molecules. The zwitterions of the first group can orient more 
perpendicularly on the surface of ITO due to the bulky aromatic ring(s). The bulky 
aromatic ring(s) gives rise to a remarkable separation for the charges on different 
molecules. This can reduce the Coulombic repulsion among the zwitterion molecules. 
In addition, the π-π overlapping among aromatic ring(s) of zwitterion molecules 
provides counterforce against the Coulombic repulsion. 
 
4.3 Conclusions 
In summary, the work function of ITO can be significantly reduced through the 
modification with zwitterions. The zwitterion-modified ITO sheets were used as the 
cathode for the electron collection of inverted PSCs. High photovoltaic performance 
has been observed on the inverted PSCs. The reduction in the work function of ITO 
and the photovoltaic performance of the inverted PSCs depend on the chemical 
structure of the zwitterions. Zwitterions with bulky aromatic ring(s) can orient 
perpendicularly on the ITO and result in significant reduction in the work function, 
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because the bulky aromatic ring(s) can reduce the Coulombic repulsion arising from 
the charges of the zwitterion molecules and promote π-π interactions among the 
zwitterions molecules. 
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Improvement in PCE by treating 




Chapter 3 and 4 report the reduction of work function of ITO by surface 
modification of sodium compounds and zwitterions. It demonstrates the importance of 
energy level alignment at the active layer/electrode interface. In fact, the physical and 
chemical properties of the buffer layer also play an important role in influencing the 
performance of polymer solar cells. This chapter will demonstrate how 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) buffer layer 
can be improved through a co-solvent treatment, and how it can bring about enhanced 
photovoltaic performance. 
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Figure 5.1 Chemical structure of PEDOT:PSS. 
 
PEDOT:PSS (Chemical structure shown in Figure 5.1) is the most important 
conducting polymer in terms of the practical application[103]. PEDOT:PSS has high 
transparency in the visible range and excellent thermal stability. It can be dispersed in 
water and organic solvents, and high-quality PEDOT:PSS films can be readily 
prepared from its solutions by solution processing like spin coating[104-109]. The 
commercially available PEDOT:PSS can be classified into highly conductive 
PEDOT:PSS including Clevios P and Clevios PH series and less conductive 
PEDOT:PSS like Clevios P VP Al 4083. They have different applications. Highly 
conductive PEDOT:PSS has potential application as transparent electrode of 
electronic devices, whereas less conductive PEDOT:PSS has been extensively used as 
the buffer layer of polymer solar cells (PSCs) and polymer light-emitting diodes 
(PLEDs). The as-prepared PEDOT:PSS films prepared from the Clevios P or a 
Clevios PH solution usually has a conductivity lower than 1 S cm-1. Great effort has 
been made in enhancing the conductivity of PEDOT:PSS. Several approaches have 
been reported to significantly enhance the conductivity of the PEDOT:PSS films, 
including the addition of an organic compound, such as ethylene glycol, dimethyl 
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sulfoxide (DMSO), ionic liquid, anionic surfactant, or dimethyl sulfate, into 
PEDOT:PSS aqueous solution and the treatment of PEDOT:PSS films with a polar 
organic compound, salt, zwitterion, carboxylic or inorganic acid, co-solvent, 
amphiphilic fluoro compound or sulfuric acid[94,110-123]. Recently, it was reported that 
some of the approaches can be used to treat less conductive PEDOT:PSS and the 
treatment can improve the device performance[124,125]. For example, Li et al. reported 
the improvement in the photovoltaic performance of PSCs by adding a polar organic 
solvent like ethanol or isopropyl alcohol (IPA) into the PEDOT:PSS aqueous 
solution[125]. They attributed the performance improvement to the solvent-induced 
conductivity enhancement and surface morphological change of the PEDOT:PSS 
buffer layer.  
Herein, this chapter reports the conductivity enhancement of the less conductive 
PEDOT:PSS films prepared from the Clevios P VP Al 4083 solution through a 
treatment with co-solvents of hydrophilic organic solvents like methanol, IPA and 
acetone and hydrophobic 1,2-dichlorobenzene (DCB). The conductivity enhancement 
is related to preferential solvation, that is, the hydrophobic PEDOT and hydrophilic 
PSS chains of PEDOT are preferentially solvated with hydrophobic and hydrophilic 
solvents, respectively. Moreover, the co-solvent treatment of the PEDOT:PSS buffer 
layer can remarkably improve the photovoltaic performance of PSCs. The co-solvent 
treatment of the PEDOT:PSS buffer layer can improve the photovoltaic efficiency of 
PSCs based on P3HT and PCBM from 3.98% to 4.31%. 
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5.2 Results and discussion 
5.2.1 Conductivity enhancement of PEDOT:PSS films through a 
co-solvent treatment 
The treatment of the PEDOT:PSS films with co-solvents significantly enhances 
the conductivity. Figure 5.2 presents the variation of the conductivity of the 
PEDOT:PSS films with the volume ratio of methanol to DCB in the methanol:DCB 
co-solvents. The untreated PEDOT:PSS films have a conductivity of 1.7×10-3 S cm-1. 
The conductivity does not change when PEDOT:PSS films are treated with neat DCB, 
while it increases after a treatment with a methanol:DCB co-solvent. The highest 
conductivity of 6.3 S cm-1 was observed when a co-solvent of methanol:DCB (6:1), 
where the ratio in parenthesis refers to the volume ratio of methanol to DCB, was 
used. Conductivity enhancement was also observed when neat methanol was used, but 
the conductivity was about 1 S cm-1, lower than that by the optimal co-solvent. The 
methanol I used is hydrous. A comparative study was made by using anhydrous 
methanol. It is found that a co-solvent of anhydrous methanol with DCB has similar 
effect on the conductivity enhancement of PEDOT:PSS. The highest conductivity of 
28 S cm-1 was observed after treating with a co-solvent of anhydrous methanol:DCB 
(6:1). However, the conductivity was only 0.08 S cm-1 when neat anhydrous methanol 
was used. This is because hydrous methanol works as a co-solvent of water and 
methanol. 
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Figure 5.2 Variation of the Conductivity of methanol:DCB-treated PEDOT:PSS films 
with the volume fraction of methanol in co-solvents. 
 
The conductivity enhancement is consistent with the treatment of the 
PEDOT:PSS films with co-solvents of water and hydrophilic organic solvents[116]. 
Similarly, the conductivity enhancement can be attributed to the preferential 
solvations of the PEDOT and PSS chains with the co-solvents. When the PEDOT:PSS 
films are treated with a co-solvent of methanol and DCB, the hydrophilic methanol 
solvates the hydrophilic PSS chains, while the hydrophobic DCB solvates the 
hydrophobic PEDOT chains. These solvations result into the presence of the two 
solvents between PEDOT and PSS chains, which screen the Coulombic attraction 
between PEDOT and PSS. At an appropriate ratio of methanol to DCB, the 
Coulombic attraction is reduced so much that phase separation occurs between the 
hydrophobic PEDOT and hydrophilic PSS chains.  
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Figure 5.3 UV absorption spectra of PEDOT:PSS films before and after a treatment 
with methanol:DCB co-solvents. 
 





























Figure 5.4 XPS of S 2p core level of PEDOT:PSS films untreated and treated with 
methanol:DCB (6:1) co-solvent. 
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This mechanism for the conductivity enhancement is confirmed by the 
characterizations of the PEDOT:PSS films after the co-solvent treatment. Figure 5.3 
presents the UV absorption spectra of the untreated and co-solvent-treated 
PEDOT:PSS films. The two absorption bands originate from the aromatic ring of PSS. 
Their intensity drops after the co-solvent treatment. This suggests that the reduction of 
PSS in the PEDOT:PSS film. 
The loss of PSS from the PEDOT:PSS films after the co-solvent treatment is 
further confirmed by XPS (Figure 5.4). The two XPS bands between 166 and 172 eV 
are assigned to the sulfur atoms in PSS, whereas the two XPS bands between 162 and 
166 eV are due to the sulfur atoms in PEDOT[126,127]. The S 2p XPS intensity of 
PEDOT relative to that of PSS increases after the co-solvent treatment. It is due to the 
reduction of PSS. 
The phase separation between PEDOT and PSS was observed by SEM (Figure 
5.5). There is no remarkable structure observable on the untreated PEDOT:PSS film 
by SEM. White patches appeared on the PEDOT:PSS films after the drying of 
co-solvent, and they could be rinsed away with water or a polar organic solvent like 
IPA. The white patches had various shapes, such as net-like and spheres. They had 
more sulphur content than the dark background as revealed by the energy dispersion 
X-ray spectra (EDX). Thus, these patches were rich in poly(styrenesulfonic acid) 
(PSSH), which indicated that the co-solvents could induce the phase separation of 
some PSSH chains from PEDOT:PSS films.  




Figure 5.5 SEM images of PEDOT:PSS films (a) untreated, (b) and (c) treated with 
methanol:DCB (6:1) co-solvent before rinsing. 
 
The morphology of the PEDOT:PSS films on ITO substrate was studied by AFM 
before and after the co-solvent treatment. As shown in Figure 5.6, the untreated 
PEDOT:PSS film is quite smooth with a RMS roughness of 1.17 nm. The surface 
became rougher after the co-solvent treatment. The RMS roughness increased to 4.44, 
4.47, and 4.64 nm for the PEDOT:PSS film treated with methanol:DCB (6:1), 
methanol:DCB (2.5:1), and methanol:DCB (10:1), respectively. The rougher 
PEDOT:PSS films led to more than 10% increase in the surface area over the 
untreated smooth film. This suggests the conformational change of the polymer chains 
during the co-solvent treatment. The excess PSS shell around PEDOT:PSS domains 









Figure 5.6 AFM images of PEDOT:PSS films (a) untreated and treated with (b) 
methanol:DCB (6:1), (c) methanol:DCB (2.5:1), (d) methanol:DCB (10:1), (e) DCB 
and (f) methanol. The unit is um. 
 
after the co-solvent treatment. In contrast, the morphology of the PEDOT:PSS films 
treated with neat DCB and methanol hardly changes. The rms roughnesses are 1.04 
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methanol were due to the vigorous evaporation of methanol during the treatment. The 
AFM results are consistent with the conductivity enhancement. 
The conductivity of the PEDOT:PSS films is significantly enhanced after the 
co-solvent treatment, when less conductive PEDOT:PSS (Clevios P VP Al 4083) films 
are treated with co-solvents of hydrophilic organic solvents and hydrophobic DCB. 
However, the conductivity of the more conductive PEDOT:PSS films prepared from 
Clevios P hardly changes after a similar treatment. There are more PSS in the less 
conductive PEDOT:PSS films than in the more conductive PEDOT:PSS films. 
Therefore, the co-solvent treatment is sensitive to the composition of PEDOT:PSS. 
 
5.2.2 Photovoltaic performance of PSCs 
Less conductive PEDOT:PSS is usually used as the buffer layer in PSCs[128]. I 
investigated the effect of the co-solvent treatment of the PEDOT:PSS buffer layer on 
the photovoltaic performance. The device architecture is illustrated in Figure 5.7. The 
PEDOT:PSS layer used in the control cells was prepared by spin coating the  
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Figure 5.8 J-V curves of PSCs with PEDOT:PSS buffer layers untreated and treated 
with neat solvents or co-solvents under AM1.5G illumination. 
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Table 5.1 Photovoltaic performance of PSCs with PEDOT:PSS buffer layers 
untreated and treated with co-solvents or neat solvents. 









---- 9.76 0.60 0.68 3.98 
Acetone 10.35 0.59 0.65 3.97 
IPA 9.98 0.59 0.67 3.94 
DCB 10.00 0.59 0.67 3.95 
Anhydrous MeOH 10.53 0.58 0.67 4.09 
Hydrous MeOH 10.67 0.59 0.66 4.16 
Acetone:DCB (6:1) 10.10 0.59 0.67 4.11 
IPA:DCB (6:1) 10.29 0.59 0.67 4.07 
MeOH:DCB (6:1) 11.26 0.58 0.66 4.31 
MeOH:DCB (2.5:1) 10.70 0.59 0.67 4.23 
MeOH:DCB (10:1) 11.00 0.58 0.66 4.21 
 
PEDOT:PSS aqueous solution at 5000 rpm. The PEDOT:PSS films used in the 
co-solvent treatment were formed by spin coating the aqueous solution at 3000 rpm, 
because the treatment reduced the film thickness to about half. Figure 5.8 shows the 
current density (J)-voltage (V) curves of PSCs with the PEDOT:PSS buffer layers 
untreated and treated with various co-solvents and neat solvents. The photovoltaic 
performance values, including Jsc, Voc, FF and PCE, are summarized in Table 5.1. The 
PSCs with the untreated PEDOT:PSS buffer layer exhibited such photovoltaic 
performance: Jsc of 9.76 mA cm-2, Voc of 0.60 V, FF of 0.68 and PCE of 3.98%. After 
the treatment of the PEDOT:PSS buffer layers with methanol:DCB co-solvents, the 
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PCE is improved. The highest PCE is 4.31% observed for the PSC with the 
PEDOT:PSS buffer layer treated with a methanol:DCB (6:1) co-solvent. The 
improvement in PCE is mainly due to the increase in Jsc. The Jsc improvement was 
confirmed by EQE measurement (Figure 5.9). The Jsc was calculated by integrating 
the product of the EQE and the global reference solar spectrum (ASTM G 173-03) in 
the range between 300 nm and 800 nm. The calculated Jsc for the untreated and 
treated PSCs were 9.45 and 10.84 mA cm-2, respectively. The calculated results were 
within 5% discrepancy of the measured results. Methanol:DCB co-solvents of other 
volume ratios were also investigated. The PSCs with PEDOT:PSS treated with 
methanol:DCB co-solvents exhibited photovoltaic performance insensitive to the 
volume ratio of the two components. 




















Figure 5.9 EQE measurements of PSCs with PEDOT:PSS buffer layer untreated and 
treated with MeOH:DCB (6:1) co-solvent. The calculated Jsc is 9.45 and 10.84 mA 
cm-2. 
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Besides methanol:DCB co-solvents, co-solvents of acetone:DCB and IPA:DCB 
were also investigated. These two co-solvents give rise to less remarkable effect on 
PCE of PSCs. PCE of PSCs with the co-solvent-treated PEDOT:PSS films increase at 
this sequence: IPA:DCB < acetone:DCB < methanol:DCB. It is interesting to find out 
that this sequence is consistent with the dielectric constants of the hydrophilic organic 
solvents, which are 18, 21, and 33 for IPA, acetone and methanol, respectively. This 
relationship suggests that the improvement in PCE is related to the charge screening 
between PEDOT and PSS by the co-solvents. 
Both components of the co-solvents contribute to the PCE improvement of PSCs. 
Treatment of PEDOT:PSS with neat solvents such as neat acetone, IPA or DCB does 
not improve the PCE. Treatment using neat hydrous and anhydrous methanols 
improves PCE only to 4.16% and 4.09%, lower than that with the methanol:DCB 
co-solvent. 
 
5.2.3 Mechanism for the co-solvent treatment-induced 
improvement in the photovoltaic performance 
As presented in Figure 5.2, the co-solvent treatment results into the significant 
conductivity enhancement of the PEDOT:PSS films. This high conductivity can 
reduce the series resistance and facilitate the hole transport from the active layer into 
the anode. 
Though the conductivity of the PEDOT:PSS strongly depends on the volume 
ratio of methanol to DCB in the co-solvents, the PCE of the PSCs is almost 
5. Improvement in PCE by treating PEDOT:PSS buffer layer with co-solvents 
 95
insensitive to the volume ratio in the investigation range. Thus, the conductivity is not 
the only factor contributing to the improvement in PCE of PSCs. As discussed above, 
the improvement in PCE is mainly due to the increase in Jsc. Presumably, this is 
related to the morphology of the PEDOT:PSS buffer layer and the active layer. As 
observed by AFM in Figure 5.6, the PEDOT:PSS buffer layer becomes rougher after 
the co-solvent treatment, and leads to more than 10% increase in the surface area. 
This rough surface can also facilitate the hole collection and contribute to the increase 
in Jsc. 
In addition, it was found that the co-solvent treatment of PEDOT:PSS affects the 
morphology of the active layer. Figure 5.10 shows the AFM topographic and phase 
images of the P3HT:PCBM films coated on untreated and methanol:DCB-treated 
PEDOT:PSS films. The rms roughness of the P3HT:PCBM films on the untreated 
PEDOT:PSS film was 22.4 nm, while it increased to 31.7 nm for that on the 
co-solvent-treated PEDOT:PSS film. The AFM phase images also suggest larger 
grains for the latter. The morphological change of the active layer is due to the 
co-solvent effect on the surface morphology and the composition of the PEDOT:PSS 
layer. This can also contribute to the improvement in PCE of the PSCs. 
The work function of the PEDOT:PSS films after the co-solvent treatment was 
studied by UPS. Figure 5.11 shows UPS spectra of untreated and 
methanol:DCB-treated PEDOT:PSS films together with a bare ITO. The work 
functions of the bare ITO and untreated PEDOT:PSS film are 4.6-4.7 and 5.1 eV, 
respectively. The work function of the PEDOT:PSS film is almost not affected by the  
5. Improvement in PCE by treating PEDOT:PSS buffer layer with co-solvents 
 96
   
   
Figure 5.10 AFM topographic and phase images of P3HT:PCBM films on 
PEDOT:PSS films of (a) and (c) untreated and (b) and (d) treated with methanol:DCB 
(6:1) co-solvent. The unit of the images is um. 
























Figure 5.11 UPS cut-off edges of a bare ITO substrate and PEDOT:PSS films coated 
on ITO substrates before and after the treatment with methanol:DCB (6:1) co-solvent.  
(a) (b)
(c) (d)
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co-solvent treatment. These results agree with the observation that the co-solvent 
treatment does not affect the Voc value of PSCs. 
 
5.3 Conclusions 
In summary, treatment of less conductive PEDOT:PSS films with co-solvents of  
hydrophilic organic solvents and hydrophobic DCB can significantly enhance the 
conductivity of the PEDOT:PSS films from 10-3 S cm-1 to 100 S cm-1. The 
conductivity enhancement is attributed to preferential solvations of hydrophobic 
PEDOT and hydrophilic PSS by the two components of the co-solvents. This 
conductivity is sensitive to the composition of the PEDOT:PSS. Moreover, the 
co-solvent treatment can remarkably improve PCE of PSCs. The treatment of the 
PEDOT:PSS buffer layer with a co-solvent of MeOH and DCB can improve the 
photovoltaic efficiency from 3.98% to 4.31%. The high PCE is attributed to high 
conductivity and high surface area of the co-solvent-treated PEDOT:PSS buffer layer, 
as well as the induced morphology change of P3HT:PCBM active layer. 
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Chapter 6  
 
PSCs using chlorinated ITO electrodes 
with high work function as the anode 
 
6.1 Introduction 
Chapter 3 and 4 demonstrated the work function of ITO, which is by far the most 
popular transparent electrode, can be lowered through a solution treatment with 
sodium compounds or zwitterions. A usual practice to increase the work function is to 
insert a buffer layer, such as PEDOT:PSS[129-132]. PEDOT:PSS has a work function of 
5.1 eV, so that ITO/PEDOT:PSS can effectively collect holes. However, intrinsic 
properties associated with buffer layers such as low conductivity, light absorption and 
flat surface can limit the device performance. As I have showed in Chapter 5, 
treatment of PEDOT:PSS buffer layer with co-solvents can improve the photovoltaic 
performance. It remains a challenge to increase the work function of ITO by surface 
modification. Recently, Helander et al. reported a novel method to significantly 
increase the work function of ITO[51]. They could increase the work function of ITO 
up to 6.1 eV by covering the ITO with a monolayer of chlorine and demonstrated 
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high-performance organic light-emitting diodes (OLEDs) using the chlorinated ITO 
(Cl-ITO) as the anode.  
In this chapter, Cl-ITO electrodes without a PEDOT:PSS buffer layer were used 
as the anode of solution-processed PSCs. PSCs with P3HT and PCBM can have a 
photovoltaic efficiency of 3.90% under AM1.5G illumination, which is comparable to 
that of a normal PSC with ITO/PEDOT:PSS as the anode. However, the photovoltaic 
efficiency of PSCs with Cl-ITO degrades quickly. The degradation is attributed to Cl 
desorption from the ITO surface. 
 
6.2 Results and discussion 
6.2.1 Photovoltaic performance 
As Helander et al. observed, Cl-ITO can have a high work function[51]. PSCs 
were fabricated using Cl-ITO without a PEDOT:PSS buffer layer. The photovoltaic 
current density (J)- voltage (V) curves of a PSC with Cl-ITO is shown in Figure 6.1. 
J-V curves of a normal PSC, glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al, and a 
control PSC, glass/ITO/P3HT:PCBM/LiF/Al, are also presented for comparison. The 
values of the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor 
(FF), power conversion efficiency (PCE), series resistance (Rs) and shunt resistance 
(Rsh) of all the devices are summarized in Table 6.1. The PSC with Cl-ITO exhibited  
6. PSCs using chlorinated ITO electrodes with high work function as the anode 
 101





















Figure 6.1 J-V curves of PSCs with bare ITO (■), ITO/PEDOT:PSS (О) and Cl-ITO 
(▲) as the anodes under AM1.5G illumination. 
 















Bare ITO 9.08 0.48 0.59 2.57  4.0 750 
ITO/PEDOT:PSS 10.36 0.58 0.65 3.90 2.0 1032 
Cl-ITO 9.91 0.57 0.69 3.90  2.0 1300 
 
high photovoltaic performance. Voc (0.57 V) and PCE (3.90%) are almost the same as 
that of the normal PSC with ITO/PEDOT:PSS. Thus, Cl-ITO with high work function 
can effectively collect holes. The photovoltaic performance of the PSC with Cl-ITO is 
significantly higher than that of the control PSC with bare ITO as the anode. Voc of the 
control PSC is 0.48 V as the result of the low work function of the bare ITO. 
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The different photovoltaic performances of these PSCs can be understood in 
terms of their Rs and Rsh values. Rs and Rsh of the PSC with Cl-ITO are almost the 
same as those of the normal PSC. This also indicates that Cl-ITO can form ohmic 
contact with the active P3HT:PCBM layer. The high Rs value of the control PSC with 
bare ITO can be attributed to the non-ohmic contact between bare ITO and the active 
layer. 
   
   
Figure 6.2 AFM images of (a) bare ITO, (b) Cl-ITO, and P3HT:PCBM on (c) ITO 
and (d) Cl-ITO. 
 
The different photovoltaic performances of PSCs with bare ITO and Cl-ITO are 
not due to the effect of the ITO surface modification on the morphology of the active 
layer but the contact between the anode and the active layer. As shown in Figure 6.2, 
(a) (b)
(c) (d)
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no remarkable change can be observed on the ITO surface after the Cl modification. 
The P3HT:PCBM layer on bare ITO has almost the same morphology as that on 
Cl-ITO. 
 
6.2.2 Degradation of photovoltaic performance 
The freshly fabricated PSCs with Cl-ITO have high photovoltaic efficiency. 
However, their photovoltaic efficiency decreased rapidly with time. As shown in 
Figure 6.3, the photovoltaic performance remarkably degrades only after 10 min after 
the device fabrication. Both Jsc and Voc drop. It becomes even worse after 60 min. 
Figure 6.4 presents the changes in Jsc, Voc, FF and PCE of the PSC with Cl-ITO with  




























Figure 6.3 J-V curves of a PSC, glass/Cl-ITO/P3HT:PCBM/LiF/Al, under AM1.5G 
illumination. The device was tested immediately, 10 and 60 min after the device 
fabrication. 
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Figure 6.4 Changes in (a) Jsc and Voc and (b) FF and PCE with time of PSCs, 
glass/Cl-ITO/P3HT:PCBM/LiF/Al (O) and glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/ 
Al (■).  
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time. Jsc and Voc decreases rapidly with time. Consequently, PCE drops to 3.43% and 
3.24% only after 10 and 20 min, respectively. The photovoltaic stability is remarkably 
worse than the normal PSC with ITO/PEDOT:PSS as the anode.  
The poor stabilities in Jsc and Voc of the PSC with Cl-ITO are presumably related 
to the stability of the interface between ITO and the P3HT:PCBM active layer. The 
stability in the work function of Cl-ITO was studied by UPS. The work function of 
Cl-ITO may change during the device fabrication and storage. Figure 6.5 presents the 
UPS spectra of bare ITO, Cl-ITO and DCB-treated Cl-ITO. The DCB treatment of 
Cl-ITO was carried out by spin coating anhydrous DCB at 3000 rpm for 1 min in the 
glove box filled with nitrogen. The film was dried immediately after the spin coating 
process. A freshly prepared Cl-ITO has a work function of 5.6 eV, which is higher  






















 DCB on Cl-ITO
 
Figure 6.5 UPS cut-off edges of bare ITO (■), Cl-ITO (●) and Cl-ITO treated by spin 
coating DCB at 3000 rpm for 1 min (∆). 
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Figure 6.6 Variations of UPS cut-off edges of Cl-ITOs with time. Cl-ITOs were 
stored (a) in vacuum and (b) in a glove box filled with N2.  
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than that of bare ITO by 0.9 eV. A simple DCB treatment reduces the work function 
of Cl-ITO to 5.3 eV. Since DCB is the solvent of P3HT and PCBM, the work function 
of ITO may drop during the coating of the P3HT:PCBM active layer.  
The variation of the work function of Cl-ITO with time was investigated as well. 
Figure 6.6(a) presents the UPS cut-off edges of a Cl-ITO stored in vacuum. The 
Cl-ITO was measured by UPS, and then was stored in the UPS chamber that had a 
pressure of 10-9 Torr. The cut-off edge remarkably shifts to high kinetic energy with 
time, that is, the work function continuously decreases with time. It drops by 0.2 eV 
after 3 days. The stability in the work function of Cl-ITO depends on the environment. 
When Cl-ITO is stored in the glove box filled with dried nitrogen, the work function 
decreases more significantly than that in vacuum (Figure 6.6). It decreases by 0.4 eV 
after 3 days. Figure 6.7 illustrates the variation of the work function of Cl-ITO stored 
in vacuum and in nitrogen. Even the inert nitrogen can accelerate the decrease of the 
work function of Cl-ITO. 
To understand the mechanism for the reduction of the work function with time, I 
measured the XPS of Cl-ITO immediately after preparation (Figure 6.8). It was 
measured again after it was stored in the glove box for 5 and 10 days. The intensity of 
Cl XPS band was corrected with respect to the intensity of In XPS band in order to 
eliminate any instrumental error. The intensity of the Cl 2p XPS band remarkably 
drops after 5 days, and the intensity decrease becomes more significant after 10 days. 
This suggests desorption of Cl from the ITO surface. As Helander et al. observed, the 
work function of Cl-ITO strongly depends on the Cl coverage[51]. The Cl desorption  
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Figure 6.7 Stabilities in the work functions of Cl-ITOs stored in vacuum and in a 
glove box filled with nitrogen. 























Figure 6.8 XPS of Cl 2p core level from Cl-ITO immediately, 5 and 10 days after the 
preparation. 
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from the ITO surface can give rise to the decrease in the work function of Cl-ITO. 
As Helander et al. pointed out, there is a monolayer of Cl on the surface of 
Cl-ITO[51]. A layer of dipoles across the ITO surface is formed as Cl has a high 
electronegativity (3.16) while In has a low electronegativity (1.78). The dipoles shift 
the vacuum level and leads to the significant increase in the work function of ITO 
after the chlorination. The chemical bond between Cl and In is ionic, as the binding 
energy of Cl on ITO revealed by XPS is the same as that of InCl3. The Cl monolayer 
may not be stable due to the Coulomb repulsion among the Cl atoms and lack of van 
der Waals force. Stable monolayers, like monolayer of carboxylic acids on ITO or 
alkanethiols on gold, usually form a covalent bond with the substrate, and there is 
relatively strong van der Waals force among the molecules of the monolayers[133,134]. 
The Cl monolayer becomes even more unstable at the presence of other species, 
particularly solvents. The Cl desorption from the ITO surface can lead to the 
reduction in the work function of the Cl-ITO. 
 
6.3 Conclusions 
In summary, PSCs with Cl-ITO as the anode can have high photovoltaic 
performance. The optimal performance is: Jsc = 9.91 mA/cm2, Voc = 0.57 V, FF = 0.69 
and PCE = 3.90% for the P3HT:PCBM PSCs. The photovoltaic efficiency is 
comparable to the normal PSC with ITO/PEDOT:PSS while significantly higher than 
that of the control PSC with bare ITO. However, the photovoltaic performance of 
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PSCs with Cl-ITO degrades quickly with time. It is attributed to the reduction of the 
work function caused by the desorption of Cl from the ITO surface.  
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7.1 Summary of results 
In this thesis, four simple and innovative methods were developed to modify the 
interfaces in polymer solar cells. The PSCs that have undergone interface engineering 
exhibit improved photovoltaic performances. The best results from each method 
including Jsc, Voc, FF and PCE are summarized in Table 7.1. The mechanisms behind 
the performance enhancement have been investigated. The key findings are presented 
below: 
(1) The first method involves reducing the work function of ITO by coating it 
with a thin layer of sodium compound. Coating NaOH can lower the work function of 
ITO from 4.70 to 3.63 eV, by more than 1 eV. Due to formation of ohmic contact at 
cathode, the PSC with NaOH treated-ITO cathode gives good photovoltaic 
performance: Jsc = 10.03 mA cm-2, Voc = 0.58 V, FF = 0.67 and PCE = 3.89 %. Other 
sodium compounds were also explored as cathode interfacial materials, but not all of 
them could lower the work function of ITO in large extent. It was found the reduction  
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Table 7.1 The best photovoltaic performances of P3HT:PC61BM based-PSCs treated 











NaOH treated-ITO 10.03 0.58 0.67 3.89 
Rhodamine 101 treated-ITO 10.21 0.59 0.66 3.98  
MeOH:DCB treated-PEDOT:PSS 11.26 0.58 0.66 4.31 
Chlorinated ITO 9.91 0.57 0.69 3.90 
 
in work function is proportional to the pKa values of the anions in the sodium 
compounds. When the pKa is large and positive, the work function can be reduced 
more; when the pKa is small and negative, the reduction is small. The extent of 
reduction in ITO work function is attributed to the interaction between the anions in 
the sodium compounds and the metal cations on ITO surface, such as In3+ and Sn4+. 
Strong interaction between the two can result in surface dipole formation, with anion 
group close to the ITO surface and sodium cation sticking out in air. The local electric 
field provided by the surface dipoles can significantly shift the vacuum level and thus 
lower the work function of ITO. 
(2) The second method introduces zwitterions as a new class of cathode 
interfacial materials. They are organic small molecules carry intrinsic dipoles. And 
the charges are immobile under electric field. This feature can improve the stability of 
the device. The best photovoltaic performance was achieved by rhodamine 101. Jsc of 
10.21 mA cm-2, Voc of 0.59 V, FF of 0.66 and PCE of 3.89 % were observed. Other 
zwitterions with different chemical structures were explored, and classified into two 
groups based on their chemical make-ups: (a) the first group of zwitterions all have 
bulky aromatic rings; (b) the second group contain mostly saturated alkyl chains. It 
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was found the first group always outperforms the second group in terms of reduction 
in work function of ITO and photovoltaic performance of PSCs. Such differences are 
caused by the configuration of the layer of zwitterion molecules on ITO surface. The 
bulky aromatic rings can stabilize a stand-up dipole layer configuration by screening 
Coulomb repulsions between like charges and by providing π-π interactions. In 
contrast, the zwitterions belong to the second group tend to lay down on the ITO 
surface. The different dipole layer configurations cause the different extents in work 
function reduction and different surface energies of the modified ITO. These two 
factors further affect the device performance of PSCs. 
(3) The third method focuses on co-solvent treatment of the PEDOT:PSS buffer 
in normal PSCs. The conductivity of the PEDOT:PSS buffer layer was enhanced by a 
factor of 1000, from 1.7×10-3 S cm-1 to 6.3 S cm-1 after a treatment with MeOH and 
DCB co-solvent. The conductivity enhancement is attributed to selective solvation of 
hydrophobic PEDOT by hydrophobic DCB and hydrophilic PSS by hydrophilic 
MeOH. The selective solvation weakens the Coulomb interaction between PEDOT 
and PSS, and ultimately leads to the loss of insulating PSS component in the 
PEDOT:PSS film. The PSC with co-solvent treated-PEDOT:PSS buffer layer 
exhibited improved photovoltaic performance compared with a PSC with untreated 
PEDOT:PSS. Jsc of 11.26 mA cm-2, Voc of 0.58 V, FF of 0.66 and PCE of 4.31 % were 
obtained. The Jsc is saliently higher than the control device. The high Jsc is attributed 
to the combined effect of improved conductivity and increased surface area of the 
co-solvent treated-PEDOT:PSS buffer layer. 
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(4) The last method is about elimination of PEDOT:PSS buffer layer and use of 
chlorinated ITO of high-work function as anode. The chlorinated ITO has a work 
function of 5.6 eV, which is sufficient to form ohmic contact with P3HT HOMO. The 
photovoltaic performance of PSCs with chlorinated ITO anode includes Jsc = 9.91 mA 
cm-2, Voc = 0.57 V, FF = 0.69 and PCE = 3.90 %. Unfortunately, it is found the high 
photovoltaic performance degrades fast with time. And the degradation is associated 
with desorption of chlorine from the ITO surface, which gradually reduces the work 
function of ITO. 
 
7.2 Future work 
The four methods described in this thesis clearly demonstrated the importance of 
interface engineering in the application of polymer solar cells, or organic electronics 
in general. Through experimenting on new materials and processing techniques, I 
have gained considerable amount of new knowledge about interface engineering. 
Based on my understanding acquired from the research projects, the following new 
ideas are proposed for future work. 
(1) The four methods have proved their success in P3HT:PCBM based polymer 
solar cells. To further boost the power conversion efficiency, it is rational to combine 
these novel methods in interface engineering with some high-performing new donor 
and acceptor materials. Low-bandgap conjugated polymers such as 
Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiaz
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ole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) and Poly[[4,8-bis[(2-ethylhexyl)oxy] 
benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,
4-b]thiophenediyl]] (PTB7) can absorb more light from sunshine than P3HT 
does[56,98,135,136]. Indene-C60 bisadduct (ICBA) is known to improve Voc due to its 
shallow LUMO level[55,57]. The work function after tuning should be able to form 
ohmic contact with these materials and deliver better performances. 
(2) The surface modification described in this work is all carried out on ITO 
transparent electrode. However, ITO is expensive and brittle, which will limit its wide 
application. Many new materials are proposed as novel transparent and conducting 
substrate to replace ITO, notably PEDOT:PSS, carbon nanotube (CNT), graphene and 
metal meshes[121,137-149]. Since the methods here will induce a localized electric field 
on substrate surface, the induced work function change is in principle independent of 
substrate. It is promising to modify the above mentioned transparent electrodes with 
the novel interfacial materials, such as zwitterions, to bring about truly cheap and 
flexible organic electronics. 
(3) Besides the active layer/electrode interfaces, D/A interface (interface between 
donor and acceptor materials in the active layer) is also an important interface in a 
polymer solar cell. Many critical processes, for example, charge transfer, exciton 
dissociation and free charge recombination, all happen at this interface. This thesis 
has demonstrated local electric field can facilitate electron transfer at the active 
layer/cathode interface. It is reasonable to believe if the local electric field can be 
introduced to D/A interface, the electron transfer from donor to acceptor will be 
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promoted; exciton dissociation will be easier; and free charge recombination will be 
suppressed. 
(4) Due to the fixed bandgap of conjugated polymer, there is always limitation to 
single junction solar cells. One can only increase Jsc with the expenses of Voc, or vice 
versa. The concept of tandem cell can break such limitation. By connecting two or 
more cells in parallel or in series, tandem cell can harvest more light to produce a 
larger Jsc or a higher Voc. The challenge to build a tandem cell is to introduce a 
mechanically robust recombination layer which can form ohmic contact with the top 
and bottom sub-cells. The novel methods introduced in this thesis provide a set of 
tools to engineer the recombination layer. Tuning the energy levels and constructing 
tandem cells will become easier. 
(5) From the experience with sodium compounds, zwitterions and chlorination of 
ITOs, it is found surface dipole formation plays a critical role in tuning the interface 
energy levels. So materials that carry intrinsic dipoles or can induce dipole formation 
are potential candidate interfacial materials. If they also possess some other 
interesting properties, such as processibility, surface energy, surface morphology, film 
integrity, etc., they will be found useful in interface engineering. 
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